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EDITOR'S NOTE

w

Although Gak Ridge National Laboratory has a policy of reporting its work in SI

• metric units, this report uses English units. The justification is that the insulation industry

at present operates completely with English units, and reporting otherwise would lost

meaning to the intended readership. To assist the reader in obtaining the SI equivalents,

these are listed below for the units occurring in this report.

Property Unit used SI equivalent

Dimension in. 25.4 mm

Dimension ft 0.3048 m

Density lb/ft 3 16.02 kg/m 3

Power Btu/h 0.2929 W

Thermal conductivity Btu -in./h-ft 2.°F 0.1441 W/m .K

Thermal resistance h .ft"." F/Btu 0.1762 K-m2/W

Temperature °F °C = (5/9)(°F - 32)

Temperature ° F ° C = (5/9) ° F

difference



LABORATORY _ RESULTS ON THE
THERMAL RESISTANCE OF POLYISOCYANURATE FOAMBOARD

• INSULATION BLOWN WITH CFC-11 SU_TUTE,S --

A COOPERATIVE INDUSTRY/GOVERNMENT PROJECq"

" D.L. McEiroy, R. S. Graves, D. W. Yarbrough, and F. J. Weaver

AILqTRACT

The fully halogenated chlorofluorocarbon gases (CFC-11 and CFC-12)
are used as blowing agents for foam insulations for building and appliance
applications. The thermal resistance per unit thickness of these insulations
is greater than that of other commercially available insulations. Mandated
reductions in the production of these chemicals may lead to less efficient
substitutes and increase U.S. energy consumption by one quad (10 _s Btu) or
more.

This report dcacribcs laboratory thermal and aging tests on a set of
industry-produced, experimental polyisocyanuratc (PIR) laminate boardstock
to evaluate the viability of hydrochlorofluorocarbons (HCFCs) as alternative
blowing agents to chlorofluorocarbon-11 (CFC-11). Ali boardstock was
produced from the same formulation and was not optimized for thermal
pcrformance. The PIR boards were blown with five gases: CFC-11, HCFC-123,
HCFC-141b, and 50/50 and 65/35 blends of HCFC-123/HCFC-141b. These

HCFC gases have a lower ozone depletion potential than CFC-11 or CFC-12.
• Apparent thermal conductivity (k) was determined from 0 to 50°C (30 to

120° F) using tcchniques that meet ASTM C 1114 (Thin Heater Apparatus) and
ASTM C 518 (Heat Flow Meter Apparatus). Results on the laminate boards

• provide an independent laboratory check on the increase in k observed tbr
field exposure in the Oak Ridge National Laboratory (ORNL) Roof Thermal
Research Apparatus (RTRA). The measured laboratory increase in k was
between 8 and 11% after a 240-d field exposure in the RTRA.

Results are reported on a thin-specimen, aging procedure to establish the
long-term thermal resistance of gas-filled foams. These thin specimens were
planed from the industry-produced boardstock foams and aged at 75 and 150°F
for up to 30(.)d. The resulting k-values were correlated with an exponential

depcndcncy on (diffusion coefficient x time)"/thickness and provided diffusion
coefficients for air components into, mad blowing agent out of, the foam. This
aging procedure was used to predict the five-year thermal resistivity of the
foams. Aging at 75 and at 150°F showed that the foams blown with alternative
blowing agents had a thermal resistivity 3 to 16% (average 9.4%) less than that
obtained by CFC-11 under similar conditions.

The thin-specimen aging procedure is supported with calculations by a

- computer model for aging of foams.

. *A Cooperative Industry/Government Research Project sponsored by the Society of the
Plastics Industry, Polyisocyanurate Insulation Manufacturers Association, National Roofing
Contractors Association, Department of Energy, and Environmental Protection Agency. This

research was sponsored by the U.S. Department of Encrgy, Assistant Secretary for Conservation
and Renewable Energy, Office of Buildings Energy Research, Building Systems and Materials
Division, under contract DE-AC05-.R4OR2!4O0 witb Martin Marietta Ener_ Systems, Inc.



1. INTRODUCTION

This report describes apparent thermal conductivity (k) results obtained during
w

FY 1989 and FY 1990 on a set of prototypical, experimental, polyisocyanurate (PIR)

laminate boardstock produced to evaluate the viability of alternative hydrochloro-

fluorocarbons (HCFCs) as blowing agents. Ali boardstock was produced from similar

formulations that were not optimized for thermal performance. Boardstock made in the

future ma_, differ ie performance from this set. Thermal resistance valves are reported for

PIR boards prepared with CFC-11, HCFC-123, HCFC-141b, and two blends of HCFC-123

and HCFC-141b. The primary purpose of the laboratory tests is to answer a key question:

will foams produced with alternative blowing agents yield thermal properties that differ from

those obtained with CFC-11?

1.1 BACKGROUND

In the mid-1980s, it was recognized that further increases in chlorofluorocarbon (CFC)

concentrations in the _pper atmosphere would lead to long-term damage to the ozone layer.

International recognition of this culminated in the signing of the Montreal Protc_col in 1987

by 23 industrialized and developing countries. 1 Currently, there are over 63 nations

committed to phasing out CFCs by the year 2000. Domestic legislation z3 and the Montreal

Protocol address the global impact of CFCs and outline a timetable for reduction of CFC

consumption. Table 1 lists the Group I and Group II substances controlled by the Montreal

Protocol and the timetable for production decreases. The Montreal Protocol requires

periodic assessments to determine whet.her changes in control provisions are warranted)

The U.S. Environmental Protection Agency (EPA) Regulator,./Impact Analysis 3'5

,_........ seven specific use areas for CFCs:

1. commercial and residential refrigeration and air conditioning,

2. mobile air conditioning,

3. production of plastic foam and foam insulation products,

4. s_er;;i:_ation of medical equipment and instruments,

5. solv_.nt cleaning of metal and electronic parts,

6. aerosol propellants and other miscellaneous uses, and

7. fire extinguishing.



Table 1. Montreal Protocol controlled substances and timetable

A. Controlled substances

Compound Formula Ozone depletion Relative greenhouse
potential (ODP)" warming potential b

Group I

CFC- 11 CFCI3 1.0 0.4
CFC-12 CF2CI2 1.0 1.0

CFC- 113 C2F3C13 0.8 0.3 - 0.8
CFC-114 C.zF4CI2 1.0 0.5 - 1.5
CFC- 115 C2FsC1 0.6 1 - 3

Group II

Halon- 1211 CF2BrCI 3.0 -
Halon-1301 CF3Br 10.0 -
Halon-2402 C2F4Br2 6.0 -

B. Timetable (original Montreal Protocol)

Date Requirement

July 1, 1989 Freeze CFC production at 1986 levels
July 1, 1993 Limit CFC production to 80% of 1986 levels
July 1, 1998 Limit CFC production to 50% of 1986 levels

" July 1, 2000 Eliminate CFC production

C. Timetable (London, Jut, 1990)

Date Requirement

January 1, 1993 Limit CFC production to 80% of 1986 levels
(Clean Air Act requires 75%)

January 1, 1995 Limit CFC production to 50% of 1986 levels

January 1, 1997 Limit CFC Production to 15% of 1985 levels

January 1, 2000 Eliminate CFC production

2040 (possibly 2020) Eliminate HCFC production
m

"Relative to CFC-II which is assigned the value of 1.00.
bRelative to CFC-12 which is assigned the value of 1.00.



The CFCs include most of the best refrigerant fluids available as well as tile foaming agents in

low-density insulating materials that have improved the energy efficiency of both buildings and

appliances. CFCs are used in more than 150 million home appliances, some 90 million vehicular

air conditioners, and hundreds of thousands of commercial and industrial cooling and refrigeration

systems. Others are solvents and cleaners, described as almost indispensable in the production of

energy-conserving electronics and precision mechanical parts. 6

Area 3 (i.e., production of plastic foam and foam-insulation products) is divided into tk_ur

subareas:

3.1 molded flexible polyurethane foam,

3.2 slabstock flexible polyurethane foam,

3.3 rigid polyurethane foam, and

3.4 rigid extruded polystyrene foam.

This report tk)cuses on rigid loam insulation.

The CFC issue is enormous. Industry produces over 400,(XX) metric tons of rigid

foamboard insulation annually and, therein, consumes over 60,000 metric tons of CFC-I 1 and

CFC-12. This consumption is equivalent to 6 billion board feet of tk_am and represents the most b

effective thermal insulation that is commercially available. If environmentally acceptable

alternative gases and lk_ams are not available, the Oak Ridge National Laboratory (ORNL) has

estimated an energy impact for building applications to be between 0.65 and 1.5 quad/year. 7

Industry is pursuing a variety of alternative blowing agents to CFC-11 and CFC-12 lhr

producing rigid-tk_am-board insulations. Chemicals with low ozone-depletion potential being

developed as CFC substitutes are shown in Table 2. In addition, industry is testing blends of

Group I chemicals with other chemicals, as a means to reduce CFC usage, but with loss of

thermal efficiency of insulations. One goal of the industry search is to obtain a "near drop-in"

chemical that requires only a small change in the production process and meets the Montreal

Protocol requirements. The other chemicals include H20 - CO 2, butanes and pentanes, methyl

chloride, and ethyl chloride.

Development risks to foam-insulation producers include the commercial availability of the

alternative blowing agents and their subsequent acceptance by regulatory agencies. The new

products will be less hazardous to the environment but more expensive and less effective as

thermal insulations (i.e., lower R/inch values) because the alternative blowing agents have k-values

greater than CFC-II or CFC-12 (see Table 2).





A new rigid, extruded, polystyrene foamboard product foamed with HCFC-142b

was announced and became awlilable for buildings application in mid-1989. 3"he new

product will reduce the CFC problem because the polystyrene industry provides about

20% of the total rigid-tbam tonnage. However, the rigid-polyurethane industry is still

developing CFC alternatives.

Prior to the Montreal Protocol agreements to phase out the use of CFCs, two

factors intluenced tbam insulation technology and applications: foam aging and energy

regulations. Figure 1 shows that the structure of a typical rigid foam is composed of

dosed cells that contain blowing agent. Foam aging occurs because the thin plastic cell

walls (nominally less than 1 I.tm thick) are permeable to gas diffusion. The composition

of the gas in the cell changes with time after manufacture as air diffuses into the cell and

CFC diffuses out of the cell. The gas composition controls the gas thermal conductivity,

st) the k of foam increases with time after manufacture. Aging decreases the R-value

pcr unit thickness and, hence, the thermal efficiency of the foam.

Many factors affect R/inch values including insulation board facer, foam density,

cell size and distribution, cell wall thickness, polymer composition, manufacturing

process, tk)am/facer interface, and exposure environment. There is no such thing as one

polyurethane (i.e., polystyrene, polyisocyanurate, or phenolic); they are chemical families

with millions of relatives. Ali such tk)ams tend to show R-value loss with time after

manufacture, and this phenomenon appears to be a linear function ot" log time. Lifetime

predictions are often made from data collected 1(X) to 180 d after manufacture. Field

performance rarely equals laboratory values for R/inch. 4

Models that predict the gas composition of the closed cells as a function of

exposure have been developed. These models provide a theoretical basis tbr predicting

aged R-value. 8''_ Laboratory testing of thin sections of foams as a function of time may

provide results tc) validate models that predict R-values for boards as a function of

exposure.

A second factor that affected foam insulation technology prior to the Montreal

Protocol was the pending energy performance standards tk)r appliances including

residential refrigerator/freezers (R/F). These standards affect building equipment

applicatio¢_s, but any resulting insulation improvements could change insulations for

buildings. In 1987, a typical 16 to 18 ft 3 R/F with automatic defrost and a top-mounted
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Fig. 1. Microstructure of a typical, closed-cell plastic foam insulation (100X).



freezer used about 1100 kWh/year, t° California regulations require that a similar unit

sold in California after January 1, 1987, use only 978 kWh/year and by 1992 use only

677 kWh/year. _ Federal regulations require that similar units produced after January 1,

1990, consume only 950 kWh/year. 12 These regulations prompted appliance

manufacturers to study improved insulations as a means to achieve energy reduction. At

least one R/F manufacturer obtained patents on powder-filled evacuated panels with an

R-value per inch of over 20. Current foamed-in-piace R/F insulations have an R-value

of about 8/inch, and a shift to 20/inch could save as much as 550 kWh/year pcr R/F

unit. 13

Although the initial application for such panels is in R/Fs, numerous other

insulation applications currently met by foam insulations could benefit from such panels

if they proved to be economically feasible and were commercially available. In addition,

these energy regulations prompted studies on ways to improve existing foam insulations. _

These studies included (1) decreasing the cell size to the 0.1- to 0.2-mm-diam range to

increase the cell strut density and decrease the radiative heat transport and

(2) increasing the amount of solid in the cell walls and decreasing the amount in the cell

struts to increase the wall resistance to gas diffusion.

,i

1.2 COOPERATIVE PROGRAM

The current effort is a cooperative industry/government program to establish the

viability of alternative blowing agents. The research project for CFC alternatives

resulted from two workshops that involved participants from industry, government, and

acadcmia. _s At the initial workshop the participants prioritized 29 research projects on a

CFC research menu. The second workshop focused on a single cooperative project: the

long-term performance of substitute insulations containing HCFC- 123 and HCFC-141 b

for roofing applications. The project is sponsored by the Society of the Plastics Industry

(SPI) - Polyurethane Division, the Polyisocyanurate Insulation Manufacturers

Association, the National Roofing Contractors Association (NRCA), the U.S.

Department of Energy, and the EPA. The project is under the direction of a steering

committee with representatives from each of the sponsors and OP, NL. The purpose of

the project is to determine ii"the performance of polyisocyanurate roof insulation foam

boards blown with alternate agents dil'fcrs from boards blown with CFC-I 1.



2. OBJECTIVES
b

The cooperative project has two field tasks that are supported by two laboratory
m.

tasks. One field task is to nlonitor the field thermal performance of roof test panels of

the boardstock installed in the ORNL Roof Thermal Research Apparatus (RTRA) and

exposed to seasonal weather cycles. A second field task is to examine the behavior of

roof panels for a range of installation conditions used in the ORNL Roof Mechanical

Properties and Foundations Research Apparatus (RMPFRA). The objective of the first

laboratory task (i.e., Task A) is to establish the thermal conductivity (k) of specimens of

boardstock foams produced by industry as a function of temperature from 30 to 120°F

prior to installation and as a function of exposure time to field conditions in both the

RTRA and the RMPFRA. 16 The objective of the second laboratory task (i.e., Task B) is

to establish k at 75°F as a function of aging time at 75 and 150°F for specimens of

three thicknesses sliced from the original boardstock. These aging temperatures bound

expected exposure conditions.

. Task A used two apparatuses that meet American Society lhr Testing and

Materials (ASTM) standards: the ORNL Unguarded Thin-Heater Apparatus (UTHA)

• [ASTM C 1114] _7and the Advanced R-Matic Apparatus (ASTM C 518). TM The tests

were conducted on rigid boardstock foam specimens that form the test panels to be

exposed in the RTRA. The central measurement section of each RTRA panel was

nominally 3 in. thick and consisted of two boards (24 x 24 in.), each nominally 1.5 in.

thick, with an embedded heat flux transducer (HFT) at the board interface. The

embedded HFTs were calibrated in the panels to allow analysis of RTRA data. The

tests are in progress, and RTRA results will be reported separately.

For Task B, specimen aging at 75°F was conducted under normal laboratory

conditions, and the 150°F aging treatment was conducted by exposing the specimens in

an environmental chamber held at 150°F. The Advanced R-Matic Apparatus was used

to determine k (75 °F) of the specimens as a function of aging time. The goals of Task

B are to establish the value of thin-specimen testing as an accelerated aging procedure

. and to provide a data base to compare to RTRA and RMPFRA results with predictions

of an aging model. Specimen characterization tests 19were an integral part of Task B.

Characterizations included cell size, preferred rise dimensions, cell-wall thickness,



10

fraction solid in the cell wall, and foam permeability to O 2, N 2, and the blowing agent.

These properties arc nccdcd for a model to predict the increase of k over the lifc of the

rigid foam. 14

3. EQUIPMENT

3.1 UNGUARDED THIN-HEATER APPARATUS

The thermal conductivity of the RTRA panels and the calibrations of the

embedded t-IFTs (Task A) were dctermincd from 75 to 120°F in the ORNL Unguarded

Thin-Heater 17_ 21Apparatus. ' ' Initial tests were performed in a one-sided, heat-flow .

mode on specimens with GAF black facers (0.025 in. thick) in piace, as recommended in

ASTM C 101322. The UTHA tests were performed in a two-sided, heat-t'low-m¢_de

opcration for the RMPFRA panels.

The UTHA (Fig. 2) meets the requirements of ,ASTM C 11 14-89.17 The

apparatus i,; an absolute, longitudinal heat-flow method and consists of an unguarded,

electrically heated, flat, large-area nichrome screen-wire heat source sandwiched between

two horizontal layers of insulation with fiat isothermal bounding surfaces. The screen-

wire heat source has a low thermal conductance that reduces unwanted lateral heat flow

and minimizes the need lk_r active edge guarding. The heat source provides vertical heat

t'low in its central region across the subject insulation to two temperature-controlled,

water-cooled, copper plates. The scrccn arca (Ao) is large (3 x 5 ft) and is instrumentcd

with 11 thermocouples l'or temperature measurement and w)ltage taps for power

measurements. A measured direct current passes through the screen, and the heat

generated passes through the two layers of insulation of thickness (L). When steady

state is reached, commercially available potentiomctric equipment is used to measure the

thermocouple outputs, the current (I), and the voltage (AV). For two-sided heat flow, k

is calculated from

k = ,.av L (1)
2 AAT

,J

where A is the screen meter area defined by its width and the voltage drop lead

separation, m:, and AT is the temperature difference between the screen and the plates.
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Fig. 2. Schematic drawing of (a) the instrumented nichronlc
screen-wire heater and (b) the temperature control and plumbing
systems t_r each cold plate of the Unguarded Thin-Heater Apparatus.



For one-sided mode of operation, one plate is controlled to the temperature of the

screen-wire heater, and the thermal conductivity of the insulating specimen with an

imposed temperature difference (AT) is calculatcd from

/ x AT(B) × a, } L (2)k = x V- L(B) x AoAT

The B-terms provide a heat-flow correction for the small temperature mismatch between

the screen and the guard plate. _ By changing the screen power and plate temperatures,

mean temperatures from 75 to 120°F can be achieved. The measurement errors of the

thin-heater apparatus have been assessed. A determinate error analysis of the quantities

in a two-sized heat-flow mode of operation predicts a maximum uncertainty of 1.7% if

AT is 9°F and 0.7% if AT is 54° F. The most probable uncertainty is 1.2 and 0.4%,

respectively, for these AT values. The reproducibility and repeatability of the k

measurements have been determined to be ±0.2%. 21 Figure 2 contains a schematic

drawing of the instrumented nichrome screen-wire heater and the temperature control

and plumbing tbr the cold plates. Figure 3 shrews the assembled UTHA without •

perimeter insulation.

In 1983, tests were conducted on two standards from the National Institute of

Standards and Technology (NIST); 2_with the results shown in Table 3a. The ORNL

results on the NIST Certified Transfer Standard were within 0.6% of NIST values at 303

and 313 K (86 and 104°F). ORNL measurements from 72 to 140°F on Standard

Reference Material (SRM) 1450b yielded a maximum difference of 0.9% between

measurements by the two laboratories at 297.13 K (75°F). These SRMs were rctcsted

in the UTHA in 1990 (see Table 3b), and agreement with the NIST values was 0.3% for

SRM 1451 and 1.1% for SRM 1450b. The UTHA k-values for the SRMs were fitted to

better than 0.3% by a linear function of temperature. Since ali of these comparisons arc

within the most probable uncertainty of 1.2%, the UTHA k-values reported in this paper

provide an accurate description of the temperature dependency of k.
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Table 3a. A comparison of ORNL UTHA and NIST results (1983)

Mean

sample Sample

temperature densi_ k-ORNL k-NIST Difference °
Specimen (K) (kg/m') (W/ro.K) (W/m.K) (%)

Certified Transfer
Standard

Two-sided 303.14 9.255 0.04813 0.04827 -0.29
313.14 9.270 0.05164 0.05166 -0.04

One-sided 303.23 9.350 0.04811 0.04809 0.04
303.23 9.340 0.04808 0.04835 -0.56

SRM 1450b

Two-sided (14 points) 297.13 127.0 0.03454 0.03485 -0.89
(13 points) 0.03466 0.03485 -0.55

°100-[(k-ORNL)-(k-NIST)]/(k.NIST).

Table 3b. A comparison of ORNL UTHA and NIST results (1990)

Mean

sample Sample
temperature density k-ORNL k-NIST Difference a

Specimen (K) (kg/m3) (W/m.K) (W/m.K) (%)

Certified Transfer
Standard, SRM 1451

Two-sided 303.14 9.255 0.04829 0.04827 0.04
313.14 9.270 0.05180 0.05166 0.27

SRM 1450b

Two-sided (4 points) 297.13 127.0 0.03445 0.03485 -1.14

°100.[(k-ORNL)-(k-NIST)I/(k.NIST).
,m
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. 3.2 ADVANCED R-MATIC APPARATUS

The thermal conductivity of the RTRA panels (Task A) was determined from 30

. to 120°F in the Advanced R-Matic Apparatus. 24 This apparatus was also used to

determine k (75°F) of the sliced, aging specimens (Task B). Figure 4 is a photograph of

the Advanced R-Matic Apparatus, a comparative heat-flow meter technique TMdesigned

to meet ASTM C 518, Configuration B: two transducers, both faces. The apparatus is

the first commercial unit in a new series of heat-flow-meter apparatuses and includes a

dedicated computer for test control, data acquisition, and data analysis. The apparatus

has:

1. top and bottom plates 1,24 x 24 in.) with 10 x 10 in. HFTs in each and independent

plate temperature control to allow heat flow up or down;

2. specimen mean temperatures from 20 to 120°F obtained by controlling the hot face

between 40 and 140°F and the cold face between 0 and 100°F;

3. a test specimen chamber surrounded on five sides by temperature-conditioned air that

accommodates 24 x 24 in. specimens with thicknesses between 0.5 and 7 in.;

• 4. a dedicated computer allowing test conditions to be programmed to obtain k as a

function of temperature for up to five temperatures (the programming features

" compare the sequential data sets with selected criteria, such as change in k, to decide

when thermal cquilibrium has bccn obtained); and

5. circuitry to calibrate HFTs embedded in test specimens.

The current operational mode of the Advanced R-Matic Apparatus uses the

output of the 10 x 10 in. HFT on the bottom plate to measure the heat flux (q) [i.e., the

time rate of heat flow (Q) through thc metering arca (A) normal to the heat flow] to

obtain the apparent thermal conductivity (k) from Eq. 3"

I,- Q (3)
A AT

q,,

The specimen thickness (L) is obtained by bringing the b()ttom plate into contact with

. the specimen; this contacts the fixed top plate with a motor-driven gear tri:in that has a

slip clutch to limit the applied force on the system. The thickness is mcasurcd by a

linear voltage differential transformer that was calibrated with sets of micarta tube
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Fig. 4. The Advanced R-Matic Apparatus.
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spacers of known thickness. Each plate temperature is measured with a Chromel-Pdumel
m

thermocouple with an electronic reference junction. Independel_,t checks of the measured

temperatures using calibrated Chromel-Constantan thermocouples attached to the plates show

agreemcnt to bcttcr than ±0.1°F in the range 50 to 100°F.

As specified by ASTM C 518, the 10 × 1() in. HFT is calibrated with specimens _1"

SRM 1450b and SRM 1451 to establish calibration factors as a function of specimen thickness

and temperature prior to a measurement campaign. The apparatus uncertainty has bccn

established to bc less than ±5% by tests on identical specimens in the UTHA and in t)thcr C

518 apparatuses. Table 4 shows results obtained at 75°F for several materials. Since the

IJTHA is an absolute apparatus, the percent difference establishes the bias or inaccuracy tc_ bc

less than 3.7% for 6-in.-thick fiberglass batts. The two standard dcviatic)n values (20) l'c_rthe

comparison to other C 518 apparatuses shows the imprecision to bc between ±2.1 and ±3.4%

for polyisocyanurate boards. This apparatus was used to test the RTRA panels as a twc)-board

sandwich and to test the top and bottom boards at mean temperatures of 30, 60, 75, 90, and

120°F (Task A). Ali tests of RTRA panels were performed cm specimens with the GAF faccr

in place, as recommended in ASTM C 1013. 22g,

The apparatus was used to test the thin specimens as a function of aging time at 75 and

150°F (Task B) by using the programming features to achieve a bottom plate temperature of

95 ° F and a top plate temperature of 55° F; this yielded a specimen mean temperature of 75° F.

The temperature-conditioned air was controlled to 75° F, and the thermal equilibrium criteria

was set to accept a k-value determination when the change in k-value was less than 0.2% tbr

two sequential ciata outputs of the ten readings that form a data set. Table 5a is an example of

parameters for a test configuration, and Table 5b is an example of the computer printout for

this criteria.

4. SPECIMENS

Thermal pertbrmance tests were conducted on two types of test specimens produced

from the prototypical laminate boardstock manufactured by industry: _ panels for the RTRA and

RMPFRA and thin spcciracns for aging at 75 and 150° F. The boardstock (blown with CFC-I1,

HCFC-123, or HCFC-141b) was produced in June 1989, and boardstock blown with 50/50 and

65/35 blends t)f HCFC-123/HCFC-141b was produccd in December 1989. Consequently, mc)rc

tests wcrc conducted on the former.



18



19

Table 5a. Advanced R-Matic Apparatus data sheet

R-MATIC DATA SHEET (SINGLE SPECIMEN TEST)

SPECIMEN" 0R-C; Heat Flow Down; Bottom HFT; Test #1

DATE" 8-20-90

i. STARTING TIME' 5 :05 AM/]_M__

ROOM CONDITIONS" Temperature- 74 OF" Rel. Hum - 60 %

3. STARTliNG DII_IE_IS_ONS• THICKNESS- 53.] rmm ; MASS- 640.6 gln

4. DESIRED SETTINGS (des C )

TOP BOTTOM AIR

34.3 12.9 23.9

5. PARAMETERS/LIMITATIONS

Avg Equil Max Equil Scan Time Adl Delay

]0 min ]4 hrs 2 min 30 min

ST E_uil LT EQuil Upper Bath Lgwer Bath

0.l % 0.l % 35 "C 35 °c

6. ENDING DIMENSIONS" THICKNESS = 53.1 mm .MASS" 640.4 gm

(_) I 0 _ ( 0 %) -0.2 gm ( -0.03 _)

7. COMPLETION TIME: 7"05 AM/PM

8. CALIBRATION FILE USED: SRM ]45] Curve 8/]6/90

COMMENTS/M$SC:
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Table 5b. Computer printout from the ORNL Advanced R-Matic Apparatus

Samplc is OR-C; two 1/2 in. boards encased in XEPS foam from Lawrence Berkeley
Laboratory. tIFU: BOTI" HFT; (Dow Extruded Poly. WT8911).

Setpoints

Upper: 12.9 l_xswer: 34.2 Air: 23.9

R-Matic Measurement of Thermal Conductivity
now acquiring data at Setpoint 1

Ti mc Tt Th Tc Tb Th-Tc Q R a tic_

15:32:51 11 13.0388 34.7K8() 34.3 -21.7 -945.1 3,144')
1......"_"__'_1 1 12.9855 34.8,918 34.3 _91.9 -_66.,S __'._76._''
1(_:1:':52 1 12.9,'4,88 34.9211 34.3 -21.9 -b164.9 2.,v,639
16:32:53 1 12.9947 .;4.938() 34.3 -21.9 -862.5 2.N557

e ...... ,., _ , --11,_:q2"Sd 1 1"_9NS9 34.9271 34.3 _91.9 -862.9 _.,";51_,
17: 2qq 1 19 9_tl '_ 34.9311) 34.3 "-'1.9 -,';62.(_ _'S<;q_...... ,A. -.ra .....

:.__:.',(_ 1 !2.981t9 34.9175 34.3 -21.9 -N62.1 _.. 1
17:52.5;7 1 12.9b;76 34.9251 34.3 -,_1.9 -863.1 _.c,,. /_
lm: _.,_"%; 1 12.981)3 M.9237 34.3 -,,91.9 -86%.2. ,_.S56S
1_:32:59 1 12.9771 34.9246 34.3 -21.9 -863.5 2._574
I,'4,:53:1)t_ 1 12.9798 34.9223 34.3 -21.9 -863.3 2.851_9
19: a,:(ll 1 12.9810 34.9358 .-,4.3" -21.9 -864.5 _.8619' 3 •
1(.,.. -, ..J.._._.(), 1 12.9816 34.9368 34.3 -91.9 -862.8 2.,"-;556
19:53:1_3 1 i ..........."?ta_gR 34.9198 34.3 -21.9 -864.5 9 ,v,61,()
2(): . :(b 1 19 98"_1 34.9236 3,1.3 -22]) -865.4 2._621)
_1):._._:()4 1 1,..") 9e_',,_,.:. 34.9224 34.3 -22.0 -863.3 2.8557
21):53:()5 1 12.9767 34.9343 34.3 _91.9 -864._ .:..8611
21" 3:116 1 12.9774 34.92N) 34.3 -21.9 -865.3 2.8634

"_1:........__:_l"/ 1 12.9759 34.9296 34.3 -21 .9 -864.7 "?8614'
21:5]:(IN 1 12.9756 34.9285 34.3 -22.0 -864.9 2.86()5
__.v-',._:119 1 12.9860 34.-)286 34.3 -21.9 -863.7 ,.,.,,, ,,,,
D') _'). _ "_,: "_,,"111 1 12.9843 34.9296 34.3 -21.9 -863.6 2.8578
22:53"11 1 12.9767 34.9285 34.3 -22.0 -864.6 2.86()2
2X:, 31 _,-' 1 12.9770 34.9276 34.3 -22.0 -863.8 2.857g
2._:._3"13-'-' 1 12.9752 34.9232 34.3 -21.9 -864.5 ..9861')>"

23:53 14 1 12.9758 34.9225 34.3 -21.9 -865.2 2.8631
1_():13:15 1 12.9716 34.9201 34.3 -21.9 -865.() 2.8621
()():._3"I() l 12.9757 34.9242 34.3 -21.9 -865.1 _.,'_):._
()():53"17 1 12.9744 34.9262 34.3 -22.() -864.7 _ '_.86()5
l)i-I 3"I,R 1 12.97(52 34.9278 34.3 -22.() -865.3 2.862S
() 1:33"19 1 12.98()4 34.9326 34.3 -22.1) -864.8 "_ '._.,'<,611
()1:53:20 1 12.9720 34.9239 34.3 .-22.() -8(54.5 2._59_
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Table 5b. (continued)

m

Time Tt Th Tc Tb Th-Tc Q Ratio

" 02:13:21 11.1 12.9720 34.9242 34.3 -21.9 -864.4 2.8601
02:3,3:22 11.1 12.9758 35.9236 34.3 -21.9 -865.0 2.8619
02:53:23 11.1 12.9741 34.9231 34.3 -22.0 -865.7 2.8637
03:13:24 11.1 12.9707 34.9324 34.3 -22.0 -864.8 2.8606
03:33:24 11.1 12.9766 34.9330 34.3 -21.9 -865.2 2.8628
03:53:25 11.1 12.9842 34.9314 34.3 -21.9 -865.3 2.8632
04:13:26 11.1 12.9828 34.9290 34.3 -22.0 -864.4 2.8595
04:33:27 11.1 12.9752 34.9319 34.3 -22.0 -865.3 2.8619

04:53:28 11.1 12.9750 34.9341 34.3 -22.0 -864.6 2.860 I
05:13:29 11.1 12.9802 34.9390 34.3 -21.9 -864.3 2.8597

05:33:30 11.1 12.9812 34.9281 34.3 -21.9 -866.3 2.8663
05:53:31 11.1 12.9790 34.9336 34.3 -22.0 -865.9 2.8645
06:13:32 11.1 12.9804 34.9379 34.3 -22.0 -864.2 2.8587

Timeout has occurred on Setpoint 1.
The time has exceeded 15 hours.

The tbllowing data may be incorrect.

at a temperature of 23.9612 C
. with an upper plate temperature of 12.9845 C

and a lower plate temperature of 34.9279 C
and an air tcmpcrature of 23.4 C
the calibration constant was .013388 W/m_/mmV

and the sample thickness was 5.32 cm (0.532 m); 2.0945 in.
At = 21.9534 deg

k = 0.02804 W/m-K at 23.9612°C (297.1112K)
0.1944 Btu.in./h.ft'-°F at 75.1302°F

R = 5.1442 h -ft' .° F/Btu .in.

R v = 10.7742 h.ftZ.°F/Btu.in.
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4.1 PANELS FOR TttE RTRA AND RMPFRA (TASK A)

The Task A test specimens were nominally 24 x 24 × 1.5 in. with GAF black facers

(0.025 in. thick.) c,n each face for each type of PIR board-blowing agent. Two of these

specimens formed the central area of each 4 x 4 ft panel for the RTRA tests and were

picture-framed in similar boards for the UTHA tests. A 2 x 2 × 1/8 in. slt,t was routed into

the lower board to position the embedded HIT at the interface of the two boards.

Thermal performance tests and HF-F calibrations were performed in a onc-sidcd

modc of operation in the UTHA on panels at mean temperatures of 80, I(X), and 120°F.

Thermal performance tests were performed in the Advanced R-Matic Apparatus on the

pancls (ccmsisting of two boards), the top board, and the bottcml board at mcan tcml_cratuics

of 30, 60, 75, _), and 120°F. Table 6 summarizes characteristics c_t"panels produced t'rcml the

b,mrds to bc tested pricer tc_ RTRA cxpc}sure. Table 6 identifies the bio)wing agents, the

specific board st,'_ck u.'4cd tc_ prepare the specimens with faccrs, lhc calculated density c_f the

panel ce)rc, and the time elapsed since the boards were manufactured. The GAF black l'ac_.:r

had a rcp_rted wcight of (_.()5625 Ib/ft e. The calibration constant, A, is reported for each

embedded tIVF, and this factc_r is the term tc_multiply the millivc_lt signal from the RTRA "

test tc_{_btain the heat flux through the specimen. The calibration c<)nstant was obtained

l lc_m thlcL_"levels c_l heat llc_w through ltlc specimen rh:lt spanned the _-aJngc -'- "

_ 4 I_tu/h "l't-_.

Table 6. Characteristics of RTRA panels tested in the UTHA and Advanccd
R-Matic Apparatus prior to installation in the RTRA

Dcnsity, lb/l't3

Calibration

Blowing gas Panel Panel Core" Age constant A

numbers (days) (Btu/h.ft2.MV)

CFC-11 T3B9-1, 2 2.78 2.02 65 0.3826
HCFC-123 T2B7-1, 4 2.78 2.02 71 0.3859

HCFC-141b (black) T1BS-5, 6 2.72 2.(R) 76 (I.3749
HCFC-141b (white) TIBS-3, 7 2.72 1.97 82 0.3786
Bi,'nd 50/50 123/141b TIB6-3, 4 2.89 2 15 14 0.384:)
Blend 65/35 123/141b T2B5-1, 2 2.78 2.10 19 0.3682

'_Core density corrected for OAF facer weight 0.05625 lb/l't2 and air buoyancy effect
(0.074(I lb/ft').
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Thermal conductivity tests and embedded heat flux transducer calibrations for the

first four rigid foamboards (listed in Table 6) prior to RTRA installation were completed

on August 25, 1989. The tests on the last two panels were completed in January 1990.

4.2 THIN SPECIMENS FOR AGING AT 75 AND 150°F (TASK B)

Task B required 24 x 24 in. specimens of three thicknesses for each type of

blowing agent. Three thicknesses (i.e., nominally 1.3, 0.7, and 0.4 in.) were produced by

planing the racer and foam from boardstock to produce one, two, and four specimens,

respectively, for aging at 75 and 150°F and for Advanced R-Matic Apparatus tests. The

1.3- and 0.7-in.-thick specimens contained the boardstock centerline, and the 0.4-in.-thick

specimen had the boardstock centerline as one face for the CFC-11, HCFC-123, and

HCFC-141b boardstock. Ali of the blend specimens contain thc boardstock centerline.

Each specimen showed evidence of the production process in that they include planes

where the individual foam streams met. Table 7 shows the average specimen thickness

produced. The 150°F specimens were aged at 150°F in a 64-ft 3 environmental chamber.

The specimen sets were produced by planing at three times: (1) August 29, 1989 - the

75°F specimens blown with CFC-11, HCFC-123 and HCFC-141b; (2) November 16,

1989 - the 150°F specimens blown with CFC-11, HCFC-123, and HCFC-141b; and

(3) February 6, 1990 - the 75°F; and February 20, 1990 - 150°F specimens blown with

the 50/50 and 65/35 blends. These data were assigned zero time for the subsequent

Table 7. Average specimen thickness (mm) fl)r aging at 75 and 15()°F

CFC-11 HCFC-123 HCFC-141b 5(I/5(I blend 65/35 blend

75 ° F specimens

Full thickness (1)" 33.0 33.4 33.(/ 31.7 31).1
Half thickness (2) 19.2 18.8 19.1 17.25 17.1
Quarter thickness (4) 10.1 10.1 10.0 9.6 9.6

150° F specimens

Full thickness (1) 32.2 32.2 32.1 31.7 32.2

Half thickness (2) 16.5 16.4 16.35 17.35 17.45
Quarter thickness (4) 8.7 8.5 8.7 1(I.7 1(/.75

"Number of boards tested.
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aging treatments because the planing operation rcmoved original boardstock material

that had undergone some aging, lt is believed that the resulting corc specimens had not

aged duc to gas diffusion.

Table 8 contains structural results obtained on the three boardstock foams

produced in Juno 1989. The cells are elongated in the direction of boardstock

productic, n, cell wall thicknesses arc between 0.3 and 0.5 I.tm, and the fraction solid in

the cell wall is greater for the ttCFC gases. Previous studies on foams blown with

HCFC-123 and HCFC-141b show a similar increase in the fraction solid in the cell wall. 1'_

Determinations ol" the structural features of boardstock blown with th,: 50/50 and 65/35

blends are in pr_gress.

Table 8. Structural features of boardstock blown

with CFC-I1, HCFC-123, or HCFC-14ib

CFC- 11 HCFC- 123 ttCFC- 141b

Average distance between
cell walls, mrn
Parallel to facer 0.24 0.20 0.27

Perpendicular to facer (/.16 0.15 0.16

Cell wall thickness, I.tm 0.30 0.40 0.53 •

Percent solid in cell wall 17 30 38

5. RESULTS

5.1 RTRA PANELS AND RMPFRA PANELS

Table 9 contains the k results obtained as a function of temperature in the

UTHA for six panels prior to installation in the RTRA. Duplicate R'FRA panels of

HCFC-141b wcre tested for field exposure under black and white EPDM membranes.

Ali of the k-values increase with temperature, and the linear equations given in Table 9

describe the results with an average percent deviation of less than ±0.23%.

Appendix A, Table A1 contains the k results obtained on the RTRA panels as a

function of temperature from 30 to 120°F in the Advanced R-Matic Apparatus. This

table contains equations that describe the UTHA and Advanced R-Matic Apparatus data



25

Table 9. UTHA k results on panels prior to RTRA installation

Specimen: age ] Mean temperature (° F) [ k (Btu.in./h.ft 2.° F)

" PIR CFC-li" 61 d

76.99 0.1288

1(X).13 0.1422
121.60 0.1533

k = 0.0867 + 5.4958 x 10.4 T, +0.22% "

PIR HCFC-123:68 d

80.03 0.1385
99.91 0.1486
121.44 0.1609

k = 0.09496 + 5.4126 x 10a T, ±0.19%"

PIR HCFC-141b: 71 d T1BS-5, 6 (Black)

80.39 (}.1475
99.91 0.1570
121.17 0.1683

" k = 0.10631 + 5.1044x 10-4T, ±0.13%"

PIR HCFC-141b: 77 d TIBS-3, 7 (White)

80.0() 0.1472
100.03 0.1579
121.16 0.1703

k = 0.1022 + 5.6133 x 10.4 T, ±0.15%"

PIR 50/50 blend: 15 d

79.75 0.1371

99.34 0.1454
121.34 0.1564

k = 0.(095 + 4.6702 x 10 4 T, ±0.23%"

PIR 65/35 blend" 19 d

79.92 0.1378
1(Xi.14 0.1474
121.49 0.1566

k = 0.10183 + 4.5205 x 10-a T, ±0.14% '_

<'Average percent deviation.
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as a function of temperature. Figures A1 through A6 show the temperature dependency

of k (panels) as measurcd in the UTttA and the Advanced R-Matte Apparatus.

Figure 5 '_hows the tcmperature depcndcncy of k as measured in thc UTt lA and

the Advanced R-Matic Apparatus for the Task A specimen blown with CF'C-11. The

panels for the other blowing agents showed a similar temperaturc depcndency for k (i.e.,

a minimum k below _'_0° F, a nearly iincar tempcraturc dependcncy above g()° F', but a

displacemcnt in k that dcpcndcd on blowing agent and age at the timc of testing). The

k-values dctermincd with the (ITHA are lower than the k-values determined w'ith the

Advanced R-Matte Apparatus in the tcml3erature range of ¢3verlap but arc within lhc

experimental uncertaintics expected tk_r the two apparatuses. Because lhc. I.JTHA is

more accurate, our data analysis is weighted toward the tJ'I'IIA k-values. A least-squares

fit was produccd t't_r both data sets. Thc curvc fit to the Advanced R-Matte Apparatus

data showed a minimum, and a constant was subtracted from this fit to produce

agreement with the UTHA data from 8() to 12()°F and lo maintain thc minimum. The

rcsultingcurvc is shown in Fig. 5. Tablc l() contains the equaticm and the equation k-

values (including the facers) as a function of temperature.

The results shown in Table 10 describe the thermal pcrtk_rmance of the pancls

blown with CFC-I 1, tlCFC-123, and HCFC-141b. The panels blown with the blcnds

were installed in the RTRA in February 1990. Results on RTRA panels show that for

an age of 14 to 19 d, the panels blown with the blends had nearly equal k (75°F) values.

Results lk_rthe other panels at an age of about 75 d show:

k(CFC-ll) < k (HCFC-123) < k (HCFC-141b).

The first set of RTRA panels was removed in March 1¢_)()after an RTRA exposure of

241 d and tested in the UTHA and the Advanced R-Matte Apparatus. Table 11

contains the results and shows that the k (R-Matic) was 5 to 8% larger than k (UTItA)

noted earlier. The k (75°F) after 241 d is given in Table 10. The HI_" calibration

constants changed less than ().75%.
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Table 10. The thermal conductivity" of RTRA and RMPFRA panels blown with
CFC-11, HCFC-123, HCFC-141b, and two blends

(50/50 and 65/35) of HCFC- 123/HCFC- 141b

1. Before RTRA exposure

Temperature Thermal conductivity (Btu.in./h.ft2.°F)

° F CFC- 11 HCFC- 123 HCFC- 141b 50/50 65/35

Age, days b 65 71 78 !4 19

3(? 0.120 0.128 0.140 - -
45b 0.117 0.125 0.134 - -
60 's 0.121 0.129 0.137 - -
75b 0.128 0.135 0.143 0.135 0.136
9(? 0.136 0.143 0.151 0.142 0.142
12(/, 0.153 0.161 0.169 0.156 0.156

k = A + BT + CT _,30to 120°F

A 0.0585 0.0672 0.0679 0.0995 ().1018
B 7.067 x 10-4 6.955 × 10.4 7.4 × 10.4 4.670 × 10-4 4.521 × 10.4
C 1.204 1.1935 1.495

2. After 241 d of RTRA exposure

Days c 334 336 340 -

75" 0.139 0.150 0.156 -

Increase, % 8.6 11.1 9

3. RMPFRA panels after being stored at ORNL tbr 1 year

75 '_ 0.154 0.152 0.165

Increase, % 20.3 12.6 15.4

After 295 d of

4. After 430 d of RTRA Exposure RTRA Exposure

Days _ 529 533 527 309 314

75c 0.156 0.163 0.170 (1.163 ().164

Increase, % 21.9 20.7 18.9 20.7 20.6

"Includes GAF facer.

h'I'ime since production when tested prior to installation in the RTRA.
"Includes 241 d of exposure in RTRA under black EPDM mcmbrancs.
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Table 11. The k of RTRA panels after 241 d of exposure in the RTRA
e

Blowing agent Mean tempcraturc (°F) k (Btu" "_°tn./h.tt-. F) A

CFC- 11`" 76.91 0.1405 0.38(X)

120.73 0.1676 (0.3826) h

k = 0.0929 + 6.1849 × 104T

k (75): 0.1393

R-Matic 1, 2 75.57 0.1524
334 d, 2 75.67 0.1509

1 75.53 0.1502

HCFC- 123" 79.18 0.1527 0.3840

.... 120.38 0.1746 (0.3849)

k = 0.1106 + 5.3155 × 104T

k (75): 0.1505

R-Matic 1, 4 75.39 0.1597
(333 d), 1 75.39 0.1613

4 75.57 0.1550

HCFC- 141b'_ 79.27 0.1584 0.3721

. (Black) 121.06 0.1841 (0.3749)

k = 0.1096 + 6.150 × 104T

k (75): 0.1558

R-Matic 5, 6 75.35 0.1662
342 d, 5 75.42 0.1672

6 75.42 0.1665
,,,

HCFC- 141b`" 79.08 0.1604 0.3772

(White) 12(I.99 0.1852 (0.3768)

k = 0.1136 + 5.918 x 10-aT

k (75): 0.1580

R-Matic 3, 7 75.52 0.1654

342 d, 3 75.52 0.1651
7 75.52 0.1638

'_UTHA results.

bpre RTRA calibration factor A.
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In June 1990, tests were conducted on panels to be instailed in the RMPFRA.

These panels were produced from boardstock that had been stored at ORNL since June

1989 and were just over 1 year old at the time of the tests. Table 12 contains the results

of two-sided heat-flow UTHA tests on these panels that contained embedded heat flux

transducers. The k (75°F) values are given in Table 10 and Table 12. The k-values

after one year of storage are greater than those of the prior set by 12 to 20%.

Table 12. T:'. thermal conductivity of RMPFRA panels produced from
boardstock stored since June 1989

Blowing agent Mean temperature ! k (Btu.in./h.tt 2.°F) A

CFC- 11 83.84 ] 0. !570 ( 1, 2) 0.4138
120.87 [ 0.1690 (3, 4) 0.4085

129.10 I 0.1744

k = 0.1261 + 3.660 x 10.4 T, +0.51%

k (75) = 0.1535

HCFC-123 83.86' ,I 0.i561 (3, 2) 0..,76."5 .

|

119.75 I 0.1741 (1, 4) 0.4110

k = 0.1126 + 5.1828 × 104T

k (75) = 0.1515

HCFC-141b 83.58 0.1707 (1, 2) ().4147
110.05 0.1934 (3, 4) /).4162

k = 0.1172 + 6.400 x 104T

k (75) = 0.1652

In November 1990, the set of six RTRA panels was removed for testing in the

UTHA and the Advanced R-Matic Apparatus. The results of these tests arc given in

Appendix A and are summarized in Table 10. The k (75) values given in Table 10 after

430 d of exposure show that the k of each panel has incroased about 20% and that the

order (i.e., ranking)ofk is

k (CFC-11) < k (HCFC-123) < k (HCFC-141b).
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The k-values for the panels blown with two blends are very similar to the panel blown

• with HCFC-123. Data in Appendix A show that the k-values for the HCFC-141b blown

panels exposed under black-and-white EPDM are similar to each other. Appendix A

provides data for the HF'I' calibration constant (,this has changed less than 1% during the

RTRA tests for the six HFFs).

5.2 THIN SPECIMENS AGING AT 75 AND 150°F

The Advanced R-Matic Apparatus was used to obtain k (75 °F) values for planed

specimens of three thicknesses being aged at 75 and 150°F. Table 13 indicates the time

when the tests were conducted on stacks of one, two, or four specimens and when the

specimens were planed (i.e., zero time).

Table 13. Time at temperature when k (75°F) tests were conducted
on planed specimens (days measured from time of planing)

Task B specimens 75°F aging test times 150°F aging test times

• CFC-II, HCFC-123, and 3, 17, 51.5, 106.5, 190, 290 1.5, 13.5, 43, 114.5, 185

HCFC-141b (0: August 29, 1989) (0: November 16, 1989)

Blends if 50/50 and 65/35 2, 42.5, 74.5, 127 1.5, 29.5, 62.5, 118.5

HCFC-123/141b (0: February 6, 1990) (0: February 20, 1990)

Tables 14 and 15 contain the k (75) values obtained at these test times. The

intent of this test procedure is to establish the value of thin-specimen aging as a means

to measure the diffusion process that causes foams with permeable facers or no facing to

slowly lose their insulating power as a function of time. Without a bar;icr, air

components diffuse into the foam cells, and the blowing agent diffuses out of the foam

cells. This process changes the cell gas composition, which changes the cell gas thermal

conductivity, and this changes the product thermal resistance. The thinner specimens

. show a more rapid change in thermal conductivity because of the sllorter diffusion

distance to the specimen centerline.
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Table 14a. k (75) values for planed specimens aging at 75°F

Thermal conductivity (Btu .in./h .ft"-°F)

Age, d Boards CFC-11 HCFC- 123 ftCFC-14lh

3 1 0.1268 0.1371 1).1423
2 0.1206 ().1342 0.1406
4 0.1322 0.1411 0.1509

17 1 0.1239 0.1374 0.1452
2 0.1286 0.1437 0.1534
4 0.1390 0.1515 0.1580

51.5 1 0.1315 0.1423 0.1512
2 0.1396 0.1536 (1.1641
4 0.1502 0.1622 0.1695

106.5 1 ().1322 0.1464 ().1540
2 ().1476 0.1644 0.1697
4 0.1560 ().1681 ().1734

190 1 0.1418 0.1572 1).1606

2 0.1540 0.1721 0.1729
4 0.1592 (1.1709 0.1767

290 1 0.1440 0.1556 0.1625
2 0.1602 (1.1713 0.1788
4 0.1628 0.1762 0.1816 "

Table 14b. k (75) values for planed specimens aging at 75°F

Thermal conductivity (Btu.in./h.ft2.°F)

Age, d Boards 50/50 65/35

2 1 0.1370 ().1381
2 0.1360 0.1352
4 1).1468 ().1452

42.5 1 ().1454 ().1486

2 0.1596 (). 1579
4 0.1758, (). 1755

74.5 1 0.1522 (I.1578

2 0.1712 ().1708
4 O.1812 1).1804

127 1 ().1507 ().1569
2 (). 1_/511 11.17(17

4 ().1848 ().1811



Table 15a. k (75)values tk)r planed specimens aging at 15()°F

Thermal conductivity (Btu.in./h.ft2.°F)

- Age, d Board CFC-11 HCFC-123 HCFC-141 b

1.5 1 0.1333 0.1442 0.1527
2 0.1305 0.1398 0.1532

4 0.1473 0.1556 0.1630

13.5 1 0.1409 0.1520 0.1586
2 0.1574 0.1630 0.1793
4 0.1616 0.1707 0.1743

43 1 0.1511 0.1598 0.1682
2 0.1631 0.1701 0.1836

4 0.1641 0.1737 0.1789

114.5 1 0.1579 0.1665 0. 1769
2 0.1680 0.1737 0.1913
4 0.1698 ().1813 ().1850

185 1 0.1556 0.1606 0.1696
2 0.1688 0.1755 I).1850

4 0.1784 0.1859 0.1958

Table 15b. k (75) values for planed specimens aging at 150°F

Thermal conductivity (Btu.in./h.ft 2.° F)

Age, d Boards 50/50 65/35

1.5 1 0.1360 0.1417
2 0.1397 0.1388
4 0.1458 ().1499

29.5 l 0.1533 0.1577
2 0.1723 0.1717
4 0.1871) ().1862

62.5 1 0.1632 ll).1691')
2 ().1850 0.1833
4 1').1952 1).1986

118.5 1 0.1591 ().1590

. 2 0.1732 0.1721
4 ().1904 ().1893
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The results given in Tables 14 and 15 confirm the premise of the test prc)cedure.

For example, the 54 k-values for the 75°F aging study (three materials, three

thicknesses, and six test times) show tilat for each thickness and time the order of lhc

material k-values is

k (CFC-I1) < k (HCFC-!23) < k (HCFC-14ib),

and for each material and time it is

k (33 mm) < k (19 mm) < k (1() mm) .

Thc inaterial order is the same as that observed for the tests on the RTRA panels.

These 54 k-values are smooth, monotonic functions of time divided by thickness squared

(i.c., t/h,-), and this fact is shown in Fig. 6 for the specimens with the blowing agents,

CFC-11, HCFC-123, and HCFC-141b. Appendix B contains the spccific values for the

quantity frh,- in d/mm'- and (t/h in d"_/mm for thc tcst results given in Tables 14 and 15.

The k-values for thrcc materials plottcd in Fig. 6 show a nonlinear dependence on

t/h 2 for values of t/h 2 up to 2.7 d/mm 2 at 75° F. Figure 7 is a similar plot for the 5(I/50

and 65/35 blends and includes the results for the CFC-l 1 specimens. The 24 k-values tbr

the tw() blends show the same trends noted for the other material, but the aged k is

greater than that for the specimens blown with HCFC-141b. The k-values li)r the two

blends are very similar in value. Figures 8 and 9 show the nonlinear dependence c)n t/h 2

for aging at 150 °F.

6. DISCUSSION OF RESULTS OF AGING THIN SPECIMENS

6.1 EFFECTIVE DIFFUSION COEFFICIENTS

The nonlinear behavior of the increase in k with time/(thickness) 2 can be

described by two linear regions ii" one plots Onk vs (timc)'/'/thickness. II"c)ne empirically

assumes that k can be described by an exponential dependence c_n dil'fusicm coefficient

(D), time (t), and thickness (h):

k = k,, exp{(Dt.)"_/h} , (4)
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where ko is the initial thermal conductivity, then one observes

t.

. _ k = _ ko + (Dt)'/'/h, (5)

Y = A + B X, (6)

where A = _ ko ,

Y=mk,

X = t'/'/h , and

B = D'/"

Thus, if one measures the k of a foam product of thickness (h) as a function of aging

time (t), then a plot of Y versus X should yield a straight line with slope B. A least-

squares fitting of the data to the straight line represented by Eq. 6 yields an intercept of

ko and a slope of D'/'.

Figure 10 shows the increase of k (75°F) (plotted as _ 100 k for convenience) as
• 1/'/11 •

• a function of tnme /thnckness, (d'/'/mm) for specimens of three thicknesses of foam blown

with CFC-II and aged at 75°F. The test data for the specimens of three thicknesses

• describe two distinct linear regions of behavior with an intermediate transition zone.

The thin specimen has reached larger values of t'/'/h than the thick specimen. The first

linear region should be associated with the increase in k due to the influx of air

components; the second, lower slope, linear region should be associated with the loss of

CFC-11 from the foam. The results of five tests up to 290 d after planing are similar to

the Massachusetts Institute of Technology (MIT) model predictions 926 for 50.8-mm-thick

specimens aged for 5400 d (t'/'/h of 1.45) and 5.08-mm-thick specimens aged for 15 d

(t'/'/h of 0.76) at 75°F (see Table B5). The predictions are higher in k owing to the

model assumptions (see Sect. 7), but the behavior of k with t'/'/h is supportive of the test

results. Figure 11 includes the model predictions and the test data on three thicknesses

of foam blown with CFC-11 aged at 150°F. The two-linear-region behavior occurs for

aging at 150°F with larger values of k (75 °F) that are closer to the model predictions.

. For example, at 150°F the linear-region extrapolations intersect near a value of t'/'/h of

0.25 d '/'/mm, but at 75°F this intersection is near 0.55 '/"d /mm. This result shows that,
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as expected the diffusion of air comlx)nents into the l'tmm is faster at 150° F (.s3) K)

than at 75 °F (297 K).

We treated the model predictions for 75°F aging and the available test data for

the foams blown with five gases aging at 75 and 150° F, as suggested by Eqs. 5 and 6.

The specific equations used were

Onk (Region 1, air) = On ki + (D l t)'/'/h , (7)

and

On k (Region 2, Blowing agent) = On k2 + (D 2 t)"'/h , (8)

where kj is the projected initial k of the foam (Region 1), k2 is the intercept tk)r

Region 2, D l is the effective diffusion coefficient lk_rair components into the foam,

cm-,s, and D, is the effective diffusion coefficicnt of the blowing agent out of

the t'_mm, cm-/s.

The k-value results given in Tablcs 14 and 15 are plotted as On i(R) k vs the

square root of time divided by thickness in s /cm in Figs. 12 through 16 for thin

specimens aging at 75°F, and in Figs. 17 through 21 for thin specimens aging at 15()°f ;.

Each of these figures includes the k results for three specimens and indicates two

straight lines that were fitted by a least-squares method to the k-values.

Table 16 is a summary of the data fits obtained by a least-squares method. The

average percent deviation is less than 1% for ali of the results, but is 2% for that of the

blends in Region 2 and aging at 150°F. This scatter is evident in Figs. 20 and 21. The

h)w averagc percent deviation is shown in Figs. 12 through 21 for Regi_m 1 and

Region 2.

The square root of the B coefficients tk_rthe data fits provides the effective

diffusion coefficients for Region 1 and Region 2. The resulting values tk)r D i, D e, and

the ratio, DI/D > are given in Table 17. The effective diffusion coefficients derived l'r(ml

the aging tests are ()t"the expccted order of magnitude and appear to be reasonablc

values. "I'hc results l'c)r aging at 75°I ;`show D l values near 1.5 x 1()_ cre:ts for the fc,ams

blown with individual gases and near 2.5 _ 1()_ cm-_/s for the foams blown with the

blends. The D_ values for aging at 15()°F arc 3 to 7 times larger than the I) l (75°I .:

,|[l|n(l

.._,,,_} ._,- ,,.,_,,Irt I---...... vn,.,.),,¢! ["._.F ),,,-_,-,,,r.,t,,r,. ,I,._,,_,!,._ ,_;t'C,,_.;,_,-, Tt_,. ,-,._.,,IL,;....... ! ......... "'1 ....... , ,,.. ,..,,..1,,...,,,.,,,..,,[ ,..,,,,. ...... ,, ,',,r,',,,,,,,.,,,,-,,.,
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for aging at 75°F show D2 values signit'icantly lower than the D 1values. The D 2 wllucs range

from 1.8 to 4.3 × l0 -i° Cln2/S for the individual gases and are above 12 x 101° cm2/s for the

blends. The D 2 values for aging at 15()°F are 2 to 4 times larger than the D-, values for

. aging at 75 °F. Some evidence exists that the D 2values for the foams aging at 75°F are

lower for the more complex alternative blowing agents [i.e., D 2 (HCFC-123 and HCFC-141b)

< D 2 (CFC-11)]. The ratio of the D I to D 2 values ranges from 20 to 75 at 75°F and from

15 to 100 at 150°F. The blends have the lower D1/D 2 values at both temperatures. The I3_

values appear to be relatively firm, and as aging proceeds, more tests will help define D 2

values better. The D values are a clear reflection of the foam structural properties and the

diffusing species and may be a guide to optimizing boardstock. The D 1 values at 75°F do

decrease with increasing cell wall thickness.

Figure 22 is a plot of the D_ and D 2 values obtained at 75°F (297 K) and 150°F

(338.6 K) as a function of 1/T (K). This is an Arrhenius plot used to obtain the activation

energy AH for chemical processes such as gaseous diffusion, using

D = Do exp- AH/RT, (9)

. where DOis a jump frequency, cm2/s, R is the gas constant, 1.987 cal/moi K, AH is the

activation energy, cal/mol, and T is the absolute temperature, K.

Table 18 gives the activation energy values and D,, values for Region 1 and Region 2

processes.

Table 18. Activation energies for Region 1 and Region 2 derived from
effective diffusion coefficients

Region 1 Activation energy Jump frequency
(cal/mol) (jumps/s × 10 4)

CFC- 11 9434 1321
HCFC-123 7326 36
HCFC- 141b 8432 210

50/50 blend 6007 6.5
65/35 blend 5304 2.0

- Region 2

CFC- 11 3638 0.002
• HCFC- 123 6054 0.007

HCFC- 141b 6586 O.12
50/50 blend 6745 1.18

65/35 blend 6777 1.16
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The AH values for Region 1 arc near 8 k cal/mol and for Region 2 are near 6 k cal/mol.

The jump frequency tbr Region 1 is greater than for Region 2.

" 6.2 EFFECTIVE k-VALUES OF FOAMS

"lhc constants, A, given in Table 16 can be used to obtain the intercept values k_

and k2 for Regions 1 and 2. These values arc given in Table 16. The values of k l, the

initial k of the foam, can bc used to compare the impact of the blowing agents bcl'orc any

aging occurred. The 75°F aging results show that the order of k_ values from low to high

arc CFC-II, HCFC-123 (9%), 50/50 (11%), 65/35 (11%), and HCFC-141b (15%), where

the value in parentheses is the percent increase in k over that of the foam blown with

CFC-11. The 150°F aging results suggest a slightly different order (i.e., the blends

arc lower in k than the HCFC-123). Both data sets suggest that the blends have very

similar k-values.

lt has been suggested _4'27that the k of a 2-1b/ft 3 fresh (unagcd) foam ,,_n be

calculated by adding the blowing gas k and a constant term, 0.073 Btu.in./h.ft"-°F, to

represent the solid and radiation conduction contribution to k. Table 19 shows that this

calculation overestimates k_, but the percent difference between k (calculated) and k_ is

less than 10%. An alternative calculation is to subtract k(gas) from k_ and associate the

difference with k(solid) + k(radiation). Table 19 shows that the result of doing so yields

an average value of 0.(g::)4for the prototypical foams being tested in this project.

Table 19. Calculated k (75) for unaged foams for various gases

k Difference '_ E

Gas Gas k calculated (%) ki-k(g ) (ft l)

CFC-11 0.057 0.130 -7.8 0.064 523
HCFC- 123 0.072 0.145 -9.8 0.060 558
HCFC- 141b 0.070 0.143 -2.2 0.070 480
50/50 0.071 0.144 -7.9 0.062 540

65/35 0.0713 0.144 -6.9 0.063 532

0.(k64 527

"l(X) × [k I - k (calculatcd)]/k I.
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If half of this contribution is assigned to the radiation contribution, _4and if this is

described by the Rosseland approximation, -s''

k(rad)= 16 x °n2T3 , (8) i,
3 E

where o is the Stefan-Boltzmann constant, n is the index of refraction and a value of 1

was used, and E is the extinction coefficient, ft 1, then the E-values in Table 19 can be

computed from Eq. 8. The average E-value is 527 ft q. Theo U predicts a value of about

9t)0 ft -1for a foam density of 1.95 lb/ft 3 and a cell size of 0.2 mm. 26 This E-value would be

obtained " c,._0 c of k(radiation) + k(solid) had been associated with k(radiation) instead

of 50%, as suggested for polystyrene. -w

The accelerated aging test results from this study can be used to predict the thermal

resistivity (r. where r = l:k) at 75°F as a function of aging time at 75 or 150°F for

1.5-in.-thick unfaced prototypical Rmmboards. Table 20 shows initial and predicted

• _ 1'/'1,r-values for 1, "_ and _, years: these correspond to values of t'a/h, (d) /mm, of 0.50, 0.71,

and 1.12. respectively, for a 38.1-mm thickness. The predicted r-values decrease with time

at 75°F but exceed 5.7 h.ft :-° E:Btu-in. for the individual gas-blowing agents tested.

This value exceeds the minimum stabilized r-value of 5.6 for unlaced polyurethane (PUR)

,_r PIR foams stated by the SPI Industry assessment. 3_ The blends reach an r-value of 5.4

at 5 years. The predicted 75°F r-values decrease with time at 150°F and reach lo,,vcr

r-values than when aged at 75" F. Ali of the values reported in Table 20 are within the

existing accelerated aging data set (i.e., these are interpolated values). As Table 13 shows,

the longest exposure time is 291.)d for the initially produced boardstock. Additional thin-

"i.,ecimen test data will allow Table 21) to be completed R_r longer times. The results given

in Table 20 show that thin-specimen aging is a promising accelerated aging procedure and

provides a positive response to the key question of this program: the blowing agents tested

in these protot-'pical experimental boards exhibit a long-term thermal performance at

75°F that is within 7 to 15C'c (average 11.6%) of that obtained by CFC-li under similar

conditions.
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Table 20. Predicted thermal resistivity at 75°F for unfaced

. 1.5-in.-thick prototypical foamboards aged at 75 and at 150°F

Initial Aging timc (years)

Blowing agent 1 2 5
at 75°F k 1 r" r(1) b r(2) r(5)

At 75 °F

CFC-li 0.121 8.29 6.90 6.51 6.35
HCFC- 123 0.132 7.58 6.31 5.98 5.87
HCFC- 141b 0.140 7.14 6.02 5.76 5.67

50/50 0.133 7.52 5.93 5.67 5.43
65/35 0.134 7.46 5.87 5.71 5.47

At 150°F

CFC- 11 0.126 7.94 6.18 6.07 5.85
HCFC- 123 0.137 7.30 5.91 5.80 5.59
HCFC- 141b 0.146 6.85 5.89 5.50 5.33

50/50 0.132 7.58 5.63 5.40 4.95
65/35 0.136 7.35 5.64 5.42 4.98

'_h.ft =.°F/Btu .in.

bNumber in parentheses indicates years.

7. MODELING OF AGING PHENOMENA IN FOAMBOARD INSULATIONS

7.I BACKGROUND

The reduction in the thermal resistance with time of foamboard insulations

produced with a gas other than air is primarily a result of changes in cell-gas composition

caused by the inward diffusion of oxygen and nitrogen and the outward diffusion of the

low-conductivity gas used to produce the foamboard. The gas used to produce foamboard

insulations is selected for low thermal conductivity, favorable handling characteristics,

- flammability, toxicity, and corrosiveness. The inward and outward ditTusion of gases

changes the cell-gas composition with the result that the gas-phase thermal conductivity

• increases with time. The cell-gas eventually becomes air, and the limiting thermal

resistance for a foamboard insulation with permeable surfaces is that of an air-filled foam.
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During the aging process the cell-gas composition at any time, t, is a function of position,

C (x, y, z, t). Since the thermal conductivity of a gas mixture, k_, can bc calculated

from pure component properties, the kg of the cell-gas is a function of spatial coordinates

(x, y, z) and time (t). A primary objective, thcrcforc, of thc foam-modeling effort is to

obtain C (x, y, z, t) from which kg (x, y, z, t) is dcrivcd. The kg is added to the

solid-phase conductivity, 1% and a radiative tcrm, kr, to obtain the apparent thermal

conductivity of the foam, k. This final quantity can then bc compared with experimental

measurements of k.

The apparent thermal conductMty of a foamboard, k, is approximated by the sum

of the major contributors tc) the total heat flux (i.e., gas-phase conducti()n, s()lid-phasc

conduction, and diffusive radiation):

k = kg + k_ + kr (9)

Convective transport is neglected because the cell dimensions are usually of the c_rdcr ()t"

fractions of millimeters. "Shine-through" radiative transport is neglcctcd, since there are

generally a large number of cull walls and struts between any two parallel surfaces, and

direct radiation is highly attenuated cvcn though the cell-wall transmission may be high.

The solid-phase contribution to the total heat flux depends on the thermal conductivity of

the solid polymer, kt,, making up thc cell walls and struts, the arrangement of walls and

strut';, and dimensions. The assumption that k_ is constant is reasonable although a

pc)ssibility exists that Iq changes because of exposure to thc environment and that cell

dimension changes or material distribution changes bccausc ot" thcrmal or mechanical

stresses. The solid-phase thermal conductivity has bcen rclatcd to kp by Glicksman)"

The radiative term, kr is also taken to be constant although it can change for the same

reasons as k_. The k, dcpcnds on the rad"itivc propcrties of the t'cmm and the

arrangemcnt of material in the direction of heat flow. Glicksman 32has pr()posed the

Rosseland expression > for k_ with an experimentally determined extinction coefficient, E.

An important input for the foam modeling effort is reliable data for kt, and E so that

reprcsentati'ec k_ and k_ can be calculated. An alternative approach is to take the sum



ks + kr tc) be an adjustable parameter equal tc) k - k_. Since k can be measured and k_

- can be determined from a model, the approximation ks + kr equal a constant can be

tested.

- There are at least two approaches to obtaining C (x, y, z, t). The first is to treat tile

foamboard as a continuum and solve Eq. (10) subject to appropriate initial and boundary

conditions for each of the diffusing species:

ac _ a (D a_) + a (D a_) a (Z) a_) (10)
at axt :ox) Tyt 'ay7 + ozt 'aza "

The pressures and temperatures generally encountered in foams are such that ideal gas

behavior can be assumed. If, in addition, the temperature variation is small and

directional effects are absent, then Eq. (10) is reduced to Eq. (11), and concentration can

be replaced by partial pressure:

OP.
Oci - DiSC i or , _ DiVap (11)
Ot Ot _ "

Equation (1 1) forms the basis for the "DOW" model 33and a model programmed by

- Destephen.34

A solution of Eq. (11) is obtained for each gas species present in the foamboard on

the assumption that the diffusing species do not interact in the solid phase. The P_ are

used to calculate mole fractions that, in turn, are used to calculate kg (x, y, z, t). The use

of a continuum model is justified ii"the largest cell dimension is much smaller than the

least foamboard dimension. When this is the case, the discrete diffusions across cell walls

can be "smeared" to a continuum much like the diffusive approximation for radiative

transport. Important practical steps in this process involve obtaining D from permeability

data, Pe,, and obtaining kg from pure component data.

Equation (11) can br' solved by separation of variables and a Fourier series

description of the spatial part of the solution. The treatise by Carslaw and Jaeger 3s

contains numerous solutions for the one-dimensional form of Eq. (11) that can be used

to obtain solutic)ns for the three-dimensional form of the equation using the principle

cq"superpositic_n. This apprcmch has been used by Sheffield 33and Destephen. _4
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Equation (11) can also be solved by finite difference methods, u' but this method seems to

be unnecessary for the geometries and boundary conditions being considered. The

evaluation of the infinite series expressions that are part of the analytical solutions can be

performed more economically than the finite difference calculations in many cases.

The second approach to obtaining C (x, y, z, t) is to model gas transport between

cells in series. This approach tends to retain the discrete nature of the diffusion process.

Ostrogorsky '_has used this approach to develop a solution in one-dimension, C (x, t). The

use of the one-dimensional model is applied to relatively thin t'oamboard _,that do not have

diffusion barriers on the surface. The diffusion of gases from the edges of the toamboard

are neglected in this model. In this case the gas-phase partial pressures can be described

by an implicit numerical method that results in a tridiagonal matrix that can bc inverted

using the Thomas Algorithm 37to obtain Pi (x, t). The numerical solutions for P, are

combined to calculate C i and kg. This approach has been programmed" in Fortran and

adapted for use at ORNL. The program is not generally executcd to obtain gas

compositions in individual cells but rather divides the f¢mmboard into a specified number

of regions that arc treated as cells (pseud_>cells). The numerical soluti{ms l'c_rC (x, t) arc

used to calculate k (x, t) by use of mixture equat' _v,ions. ' The Lindscy-Bromley equati()n

is recommended. 32"4(_The Lindsey-Bromley equation requires viscosity data for the

components in lhc mixture as well as thermal conductivitics, and these data are n<)t always

available. The minimum input required for a kg calculation is pure component thermal

conductivitics and chemical composition.

Appendix C contains a Fortran code, KMIX. FOR, for calculating the thermal

conductivity of gaseous mixtures from the thermal conductivity of the comp(mcnts, the
. • Q

molecular weight of the components, and the composition. 3 KMIX gives the result that

the thermal conductivity of a gas mixture falls below a value that would be predicted from

a "rule of mixtures" type calculation. This is shown in Fig. 23, in which the thermal

conductivities at 75°For air + CFC-II, air + CFC-12, air + HCFC-141B, and air +

HCFC-123 are shown as functions ot" the mole fraction of air. The curves were calculated

for mixtures of N 2, 0 2, and the indicated gas. Table 21 contains the numerical output

used to establish the curves in Fig. 23. At present, the program KMIX is
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configured for the calculation of thermal conductivities for gas mixtures containing any

- combination of the gases: He, Ar, Kr, Xc, H 2, N., 0 2, CO,,, CFC-11, HCFC-123,

HCFC-141B, CFC-12, and R-22.

A Fortran program for calculating the thermal conductivity ot"gas mixturcs using

the Lindsay-Bromley correlation, LB.FOR, is listed in Appcndix D. The program as

listed in Appendix D is for the calculation of mixturcs of CO 2, O 2, N 2, and HCFC-22 at

temperatures from 40 to 100°F. Input propcrty data for LB.FOR consists of pure

component thermal conductivities, normal boiling points, viscosity cocfficicnts, and

gas-mixture composition. Table 22 contains calculated k at 75°F for a three-component

gas mixture containing N 2, 0 2, and HCFC-22. Thermal conductivitics calculated using

KMIX.FOR arc shown in the table for comparison. The differences between the

calculated values for kmix arc greatest for air and air-rich mixtures. The thermal

conductivity for air at 75°F calculated with LB.FOR is 0.02583 W/mK, while that

obtained with KMIX.FOR is 0.02691. In both cascs air was takcn to bc an O-, - N_

mixture with mole fraction O_ of 0.21. The ASHRAE handbook 4_ lists 0.02588 W/mK

for the thermal conductivity of air at 75 °F. The Lindsey-Bromlcy expression provides a
o

slightly better result than the KMIX correlation for the thermal conductivity of air at

75 ° F (297.04 K).

Let us assume that kg (x, y, z, t) or kg (x, t) is available. The subsequent

requirement is to obtain an average kg that charactcrizes the gas-phase heat transport

and can be substitutcd into Eq. (9) tbr k. At least three approaches can bc used. Thc

first is to integrate the expression for C (x, t) over the spatial coordinate to obtain an

average compc_sition from which kg can bc calculated. The second is to in',cgratc k (x, t)

over the spatial coordinate to obtain an average kr and the last is to consider individual

ceils or pseudo-cells as resistances in series. Sheffield 33 and Destephen u have used

average C values, while Ostrogorsky 9 has used cell resistances in series to calculate the

foamboard k. The adoption of methods tbr calculating kg combined with exprcssicms for

k_ and k_yields k (t) and thcrmal rcsistancc R (t).

The programs gcncratcd by Destcphcn and Ostmgorsky have bccn configured tc)

run on the ORNL computing system. Appendix E contains the program for Dcstephcn's

model, while Appendix F contains the Ostrogorsky modcl. Initial stcps to implement the

llttVCt_ccz_ tukcx|, a_lU a copy of ".... "-".......... ' '....l...)t)_,' lllt)t.lCl OFI tilt; k..,/l_.l'_L C,t.IIlI|)U[t.;| ..... s tile Ut)W UtlUU ll_.lh
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Table 22. Calculated thermal conductivities at 297.{74 K for gas
mixtures containing N 2, 0 2, and HCFC-22

(a) k (W/mk) using (b) k (W/mK) using
Mole fraction air LB.FOR KMIX.FOR (b)/(a)

{} 0.{}1082 {7.(71086 1.{}{}37
{).1 {}.01199 0.{}1191 {}.9933
{}.2 0.(}1322 0.013{}7 {7.9P_7
{}.3 0.01452 {).01435 {}.9883
(}.4 0.01588 0.(}1574 {}.9912
{}.5 {}.{}1732 {}.{71726 {}.99{}5
{7.6 {}.{71883 {}.{}18{X} 1.0037
0.7 0.02044 {}.(}2{Xi3 1.{}117
0.8 {7.02213 0.02261 1.0217
0.9 0.{}2393 0.0246_ 1.{}313
1.{} 0.02583 (7.02691 1.(}418

been requested. Destephen's code has been used to calculate k f{}r a ['oamboard

containing HCFC-22. _}'42 The "MIT" model" has been used t{}calculate k (t) ['{Jra

number {q"cases. Results {}btained with these tw{} models will bc discussed in the

foll{}wing paragraphs. The MIT model as modified for use at ORNL has been filed as

MITB.FOR. The code MITB can bc used t{}study the effect on k (t) {}t"changing

properties {}rc{}nditi{}ns. The code has been used t{}simulate experimental results t{}

test data treatment strategies. Simulated k (t) can be used to examine ways of labeling

thermal perf{}rmance, testing foamboard products, {}rchanging the manufacturing

pr{}ccss.

One important objective of the modcling effort is to provide meaningful thermal

pcrt.{}rmance criteria t'¢}rthe consumer. The current practice 22 involves a thermal

resistance evaluation 180 d after production. This approach may not be adequate

because the product will normally be in use for many years. The use of a time-average

kd or time-average r-value is onc alternate to the 180-d value that is in use at prcsent.

The timc-avcragc values can be determined from simulated k (t) or a;' empirically

derived k (t):
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I o

- tca = ka(t') = (t/t')fk (t) dt . (12)
0

1.

The t" in Eq. (12) is the lifetime of the insulation that must be assigncd to fix kd.

The result for kd depends on the value selected for t'. An empirical expression for k (t),

Eq. (13), for a foamboard produced with HCFC-22 was used to calculate kd (t')/k (1/2) as

a function of t'. 3° The term k (1/2) is the apparent thermal conductivity obtained from

the correlation at 180 d:

k(O = k" + (k ° - k')e -_' (13)

Table 23 contains a few values tbr the ratio kd (t')/k (';/2) for the developmental

product containing HCFC-22. The ratios in Table 23 indicate that the r-value of the

foamboard is overstated by the 180-d values by as much as 10%.

"Fable 23. k (t')/k (1/2) for an unlaced foamboard product initially
. containing HCFC-22

t* (years) kd (t')/k (1/2)

5 1.074
10 1.088
20 1.095
oo 1.103

Ratios were computed using k" = 0.2521, k° = 0.1694, [3 = 2.557 year -_,and k (V2) =

0.2286. The constant, I], is related to the time required for 50% of the product aging tc_

take place (t,,,,) by the expression t (V_,) = [3! On2 (ref. 30).

Variation of the parameters in Eq. (13) shows that the ratio kd (t')/k (V2) can

exceed the value 1.10, as shown in Table 23. Calculated ratios as high as 1.219 indicate

r-value overstatements as high as 21.9% in Table 24.
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Table 24. Calculated values for the overstatement of r-value

by the 180-d criteria

{[kd(t')/k(V2)! - 1} × 1()0"

k" k° 13(years 1) t*= 5 t*= 50 (years)

0.15 0.10 2.0 10.2% 13.0%
5.0 1.4 2.7

0.20 O.10 2.0 16.4 21.9
5.0 2.2 4.1

0.20 O.l4 2.0 9.1 12.1
5.0 1.3 2.4

"The calculation assumes Eq. (13).

Figure 24 shows a result obtaincd with Destephen's mc)del using k, as an

adjustable parameter. v) Thc so!td-phase contribution, ks, was calculated in this case using

zt procedure suggested by Batty ct al.43 The calculated thermal rcsistivities indicated by

solid curves in Fig. 24 wcrc computed on the assumption that the diffusion coefficient

for HCFC-22 equals that of CFC-12. The points in Fig. 24 represent measurements over d

time on foamboard specimens that were stored and repeatedly measured.

7.2 CALCULATIONS WITH THE MITB PROGRAM

The program MITB has bccn run tbr a varicty of conditions to show the effect

of specific properties on k (t). In ali of the cases to be discussed, k_ and k_ were

fixed at 0.019204 Btu.in./l't".hr'°F and 0.044371 Btu.in./ft2.hr.°F, respectively. The

permeability data were taken from Ostrogorsky, '_and a uniform temperature ot" 76.7°F

was assumed. The pcrmeabilities from Ostmgorsky will be referred to as the "standard"

values.* Figures 25 and 26 show calculated values for On [I(X) k (t)] as a t'unction of

4"t/x. This particular representation is shown because of the data analysis discussed

*D (02) = 46.79 x 108 cm2/s; D (N2) = 7.60 x 10.8 cm2/s; and D (CFC-11) =

19._ × 1010 cme/s.
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elsewhere in this report. The curves shown in Figs. 25 and 26 were computed using

MITB with standard permeability data, CFC-li as the foam gas, and 5.1)8 cm (2.0 in.) as

the foamboard thickness. Figure 25 shows 0n [I(R) ka (t)] for 4"t/x up to about 41R)d.

The 180-d value for 4"t/x is 2.¢._, and k is 0.164. The calculated cu_,e clearly shows that

k (t) or On [101) k (t')] has not attained a ste_ldy value at 180 d. Figure 26 extends the

curve for k to 4"t/x of 100. This calculation indicates a changing thermal resistance over

long time pcriods. The horizontal scales in Figs. 25 find 26 differ by a factor of 10. The

calculated results, however, show that the aging process extends over a long period of

time even t'er the relatively thin specimen being modeled.

The calculated k shown in Figs. 25 and 2_ was used to calculate diffusion

co,:fi'icicnts by assuming that d [_ I(X) k (t)]/d4"t/x equals D. The calculated values t'_r

OnII(X) k ft)] for 4"t/x for 1.078 (approximately 30 d) to 2.641 (approximately 18(1d)

were fit to a linear expression in 4"t/x by the method of least squares. The slope of the

line that ,,,,'asobtained was used to calculate a D ¢]t"14.17 x lfr* cm-/s, and this value was

taken to be an average value for air. The diffusion coefficient data used to generate the

curve were 46.79 x 10-s cm2/s for 0 2 and 7.60 x 10_ cm2/s for N2. If the composition of

air is taken to be 0.21 mol fraction 0 2 and 0.79 mol fraction N 2, then the average value

for air based on mol fractions was 15.83 x 108 cm2/s, a number that is about 12%

greater than the value obtained by analysis of the calculated results. An application

of the same procedure to calculate D 2 fcom ka for 4"t/x from 6.469 (about 3 years) to

25.0(-; d"_/cm (about 44 years) was not as successful. The input value for the diffusion

coefficient of CFC-11 was 19.83 x 101° cm2/s, while the analysis of the calculated results

gave 7.65 x 10l° cm2/s. Unfortunately, the D obtained from analyses of the calculated

results is sensitive to the data set input to the least-squares calculation. A positive

observation, however, is that the order-of-magnitude predicted for the D's is correct and

that agreement may be sufficient for many purposes.

The output from MITB includes cell-gas pressures as a function of time. In the

case of the "standard" data set and an unfaced ffmmboard thickness of .'_.08'cre, the O+ "

diffusion is essentially complete fit about 200 d, while the N, diffusion continues for at

least 350 d. This timing would suggest that the previous result for t < 181) d be

liltt2il)lCtt2u i.lbi:l[lair result. As with any such model, the program M'I g can be used to

stud)' the effect on calculated quantities of changing input parameters. Figure 27 shov,,s
+

=
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early-time values for _ [I(X) k (t)] for three values of the pcrnleability of O, and N_.

The permeability tbr the foaming gas, CFC-q 1, is the same for the three curves in

Fig. 27, while the air component diffusion coefficients were increased and decreased by a

factor of 10, P × 10 and P x 0.1. The three curves show the relatively large change that

would occur in k measured at 180 d after m_nufacturc (4"t/x = 2.64) and, more

importantly, they show that for a fast diffuser (P x 1()) the 1,'q()-dvalue would be a more

appropriate measure of thermal performance than lk_r a slow diffuser (P × ().1).

Figure 28 shows calculated k t'_r relatively long times for a range of values for the

permeability of the tbaming gas. Air properties were held constant for the four curves

shown in Fig. 28. The cu_,e extends to 4"t/x = 20, which is about 28 years for x = 5.08.

The curves arc labeled to indicate the multiplier tk_rthe foam-gas permeability, P. A

definite break in the slc'pc of the curves indicates a change in the primary diffusing

species. Ali four curves would eventually reach the same limiting value but, as shown by ..

the figure, the time requircd is different. The average k for a finite age such as 20 years

is significantly different, although the lg()-d values for k are not significantly different.

The curves converge at small time wflucs because the dominant diffusing species is air,

and the air pern_cability was the sa'ne for ali four calculations.

An interesting observation rc:,ults from running M1TB for a sequence t_l

thicknesses ranging from 2.54 cm (1 in.) to 3(}.48 cm (12 in.). Figure 29 shows k as a

function oft for five foamboard thicknesses obtained using standard parameters. These

rcsults were used to calculate k(2()) and _(20)/k(1/2). Table 25 shows calculated results

for the five thicknesses. The second entry in the table for 31}.48 cm shows the effect of

increasing the nunlbcr of pseudo-cells used in the calculation from 11 to 21.

The ratios k(2{))/k(l/2) shown in Table 25 exceed 1.24 and indicate a relative

maximunl t'c)r thicknesses near 30.48 cna. This maximum can be rationalized by

examining the curvcs in Fig. ?,0. The lower curve, k(l/2), approaches a low-constant

value for large thicknesses, since the fraction of a large specimen that is penetrated

by air at 181(}d is small. Thc upper curve, representing k(2(J), decreases t't_r ali

thicknesses, as shown in Fig. 31}. The tv,o curves have the same value at thickness zero

and thickness oo,so a relative extrcma in the difference between the two curves lkfllows

11_.1111 l_l. lll _" ,'_ 1 II_..-_.IlUIII.
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Table 25. The ratio k(20)/k(1/2) from simulator results at five thicknesses

Thickness k(1/2)" k(20) h
[cm (in.)] (Btu.in./ft2.hr .° F) (Btu.in./ft2.hr .° F) k(20)/k(1/2)

2.54 (1.0) 0.1813 0.2306 1.272
5.08 (2.0) 0.1628 0.2018 1.240
7.62 (3.0) 0.1503 0.1934 1.287

10.16 (4.0) 0.1418 0.1891 1.334
30.48 (12.0) 0.1230 0.1647 1.339

30.48 (12.0) 0.1245 0.1660 1.333

"1/2 = 180 d.

b20 years.

The apparent thermal conductivity of a foamboard has a strong dependence on the

° cell-gas composition. The cell-gas composition is, in turn, dependent on the initial pressure

of the blowing gas. Figure 31 shows calculated apparent thermal conductivities for foams

with initial cell-gas pressures from 0.6 to 1.4 atmospheres. The four curves in the figure show

k at 200 d, 1000 d, 5000 d, and 10,000 d. "I]aese curves predict that the effect of the initial

• pressure persists for the life of the foam.

The curves in Fig. 32 were obtained with MITB executed with "standard" diffusion

coefficient data, Curve A, and with the diffusion coefficient for the blowing gas, CFC-11, set

equal to zero, Curve B. Curves A and B are nearly identical for the first 400 d, but diverge

tor larger times as CFC-11 is lost from the foamboard. Curve B becomes constant at

k - 0.1822 Btu.in./ft2.hr.°F for t > 2500 d (6.8 years), while Curve A continues to

increase slowly at t = 10,000 d (27.4 years). The k on Curve A is 13.4% greater than the k

on Curve B at t = 10,000 d. Figure 33 shows calculated k for four foamboard thicknesses

obtained with standard diffusion coefficients for N2, 0 2, and CFC-11. Curve E in Fig. 33 was

generated with the diffusion coefficient for CFC-11 set equal to zero.

7.3 A PENETRATION MODEL

The previously discussed observation that d [m 100 k (t)]/d(_'t/x) is approximately

linear in certain time intervals is supported bv a "penetration" model that will be described.

" The basic idea is that gas diffusing into a foam creates a region in which the gas composition

has changed, a penetrated region, and a region that has not been disturbed. The cicpth of
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the penetration region increases with _'t until the center of the foamboard is disturbed.

The penetrated region and the undisturbed region are taken as resistances in series to

obtain an expression for _n [k(t)] that is approximately linear with respect to _rt with a

slope that is proportional to _D.

The starting assumptions ibr the "penetration" model are additivity of the heat

transfer modes k_, kg, and kr and treatment of the foamboard as a semi-infinite medium

tbr limited time periods. A step-change in the concentration occurs at the surface of the

foamboard at t = _ and persists for t > 0. A solution for C (x, t) can be adapted from

the corresponding heat conduction problem: 35

(C/Co)_ = Ci(X _ , t)/C_(o,t) = 1 - etf (X/2v/_,g ) . (14)

Equation (14) can be used to define a depth, Xp,where (C/Co) equals 0.01. This depth is

referred to as the penetration depth and forms a region in which the cell-gas

composition has been changed:

(Xe) i = 3.6¢-_1 . (15)

The penetration concept provides the following representation for C (x, t)i:

(C/CO, = 1 - ERF(X/2v/_,_ ) 0 < X < 3.6V/-_,_ (16)

= 0 X> 3.6frf,, .

The average concentration of species i at time t -- Z and x between 0 and Xp is given by

x. o 2 (D,Z)

A change in tnt" v_trl_ltnt:"'' tri"" ' , '" " ''" " ........ '" " ' "" " constant """" "llltUgltltlt)ll yltCltaa Lilt..: l_bl.llt u_at _i is a ulat is

independent of x or time. The penetration depth, however, is proportional to 4"t. If the

- penetrated regit'n is identified as having kg = kg_ + Akg, then,
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. kl = ks + kr + k_ + Akg

" and

The quantities kI and k2 are constants, but the sizes of the regions for which they are

valid vary as ¢"t. Region 1 with apparent thermal conductivity kI is valid for x in

[0, 3.6 (Dt)"_], while Region 2 with apparent thermal conductivity k2 is valid for x in

[3.6 (Dt) '/', L/2], where L is the thickness of the foamboard.

The apparent thermal conductivity for the foamboard, k (t), with diffusing spccics

"one" is

L _ 7.2 D_t t{ I, _ I • + L • (18)k(t) - R(t) ks+ kr+ kg + Ak_ k a+ kr+ k; ka+ kr+ k _

Differentiation of Eq. (18) yields

d_nk(t)/d_= 7"2frD-_l{L k,+ k,+ kjk(t)-llj (19)

or

dQn[lOOk(t)]d_n(_]L) = 7'2_t { ks +k(t)kr+ k; - 1 t ' (20)

The term in brackets on the right-hand side of Eq. (20) is expected to be in the range

0.15 to 0.25, and this suggests that D predicted from the square of the derivative in

Eq. (20) should be multiplied by a factor in the range 0.85 to 0.31 to gct D,.
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A derivation similar to the one summarized above leads to an expression tor k (t)

after the specimen is saturated with air and the outward diffusing gas has created a

region of changing cell-gas composition near the surface. The apparent thermal

conductivity for this second diffusion peri(xt is labeled k'(t) and

d Qn[100 k/(t)] = 7.2 _ k/(O - 1 l, (21)
a(#/L) k,.k;+k, !

e

whcrc D_ is the ditTusion cocft]cient lhr the slow diffusing species and kg is the gas

phase conductivity after the air diffusion is complete. As in the case of the fast diffusing

species, thc brackctcd tcrm on the right side of Eq. (21) is expcctcd to be in the range

0.15 to 0.25, and D2 is 0.31 to 0.85 times thc square of d _ [100 k(t)]/d(d't/L).

The need and usefulness of foam-aging models has been demonstrated. Existing

models show that the 180-d criteria for characterizing the thermal performance of

toamboard insulations containing a gas other than air substantially overstates the lifetime

performance of the product. The existing models can be used to study factors such as

thickness and initial gas pressures on lifetime thermal performance. A two-region

penetration model has been proposed and used to partially justify the identification of

diffusion coefficier,,ts with the square of the experimentally determined derivative

d (Qn [100 k, (t)]/d (al't/L).

A continued effort is needed to extend the existing models to three dimensions

and to incorporate a variety of surface conditions into the calculations. The existing

code, MITB, should be extended to three dimensions and used to justify new criteria for

labeling foamboard products. Improved models can be used to guide the development of

ncw foamboard products since k (t) can be predicted from property data. Refinement of

the penetration model could be useful in providing alternate ways to analyze transient

heat tlow data.



8. CONCLUSIONS

This report presents k-values on a set of industry-produced, t_rc_totypic_l,

experimental PIR laminated boardstock foams blown with five gases: CFC-11,

HCFC-123, HCFC-141b, and 50/50 and 65/35 blends of HCFC-123/HCFC-141b. The

k-values were determined from 30 to 120°F using the ORNL UTHA and the ORNL

Advanced R-Matic Apparatus. The test results on panels with facers provide an

independent laboratory check on the increase in k observed for a 241-d field exposure in

the RTRA. The observed laboratory increase in k for a 241-d field exposure was

between 8 and 11%: CFC-II (8.6%), HCFC-123 (11.1%), and HCFC-141b (9%).

The laboratory tests show that, prior to the RTRA exposure, the k of the tbams

blown with the alternate gases were greater than that of the foam blown with CFC-II"

HCFC-123 (5.5%) and HCFC-141b (11.7%). Aftcr the 241-d RTRA exposure thcsc

values were HCFC-123 (7.9%) and HCFC-141b (12.9%); after the 430-d RTRA

exposure these valucs were HCFC-123 (4.5%) and HCFC-141b (9%). The k of foams

blown with the blends was about 5.8% greater than that of the CFC-11 blown foam prior

to the RTRA exposure. Foams blown with blends after 300 d of RTRA cxpc)surc

showed an increase in k of about 20% as a result of the RTRA exposure.

The k-valucs of a sct of thin-specimen foam cores plancd from these experimented

boardstock insulation increase with time after production. The thin specimens were aged

at 75 and 150°F for up to 290 d to establish the long-term thermal resistance of each of

the gas-filled cellular foams. For each of the foams, the increase in k-valucs for

specimens of thrcc thicknesses can bc described as an exponential function of k with
• 1,flI •

tnmc /thickness. This dependency shows two distinct linear regions of behavior with _ln
• 1/tI •

intermediate zone when the results are plotted as a function of txme /thickness,

(dV'/mm). The thinnest spccimen reached larger values of timeV'/thickncss sc)oncr them

thc thicker specimen for the same time of aging (i.e., aging is accelcratcd).

The first linear region was associated with the increase in k because of the influx

of air components (O 2, N2), and the second, lower slope, linear region was assc)ci_ltcd

with the loss of blowing agent from the foam. This yicldcd effective dil'l'u.sl_n
u

coefficients (D) for air components into the foam and blowint_ aecnt out of the t'ot_m.

- The D (air) values for aging at 75°F were bctw,'.cn 1.5 x 10.8 cme/s and 2.5 × 1()_ cm2/s,



86

and D-values for aging at 150°F were three to seven times larger. The D (blowing

agent) values for aging at 75°F were between 1.8 × 101° cm2/s and 12 x 101° cm2/s and

increased two to four times for aging at 150°F. Activation energies of 3500 to 9500

cal/mol were obtained for these processes. The accelerated aging test results provided

an estimate of 5-year thermal resistivity (I/k) of these experimental foams at 75°F that is

within 12% of that obtained t_r t_mms blown with CFC-11 under similar conditions.

The MIT computer program that models foam aging was programmed in Fortran

(MITB) and used to predict the k of foams for a variety of conditions. These

simulations using MITB showed that the D values from the accelerated aging tests are of

the correct order of magnitude and may be sufficient for many purposes. The

simulations and the aging tests show that the ASTM 180-d-after-manufacture test is an

inadequate description of long-term k-values. The MITB program was used to show the

effect of changing the permeability of O 2, N2, and blowing agent; the effect of specimen

thickness; and the effect of initial blowing agent gas pressure on the long-term k-value of

foams.
dm

9. RECOMMENDATIONS

The cooperative industry-government project provided the opportunity for

manufacturers, users, and measurers to bring their combined talents to focus on an initial

solution to the global issue of reducing CFC use in PIR foam insulations. ORNL

should recommend this type of project to the producers of other types of foams

(e.g., polystyrene and phenolic). The cooperative project has raised a number of

interesting questions and results that deserve further study, and these are given below.

1. The project test results create a valuable data base for the initial set of industry-

produced experimental, prototypical PIR laminated boardstock foams. ORNL

should recommend close examination of these by industry to produce and start

tests on a cooperative project on the next generation of improved foams blown

with alternative agents.

2. A thin-specimen accelerated-aging test procedure was validated by laboratory tests

of specimens aging at 75 and 150°F. ORNL should use these results to help

draft an ASTM C 16 standard procedure for the determination of the long-term
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thermal resistance of gas-filled cellular plastic R)ams. A scope has been drafted

" and balloted by ASTM C 16.30, August 31, 1990.

3. The thin-specimen accelerated-aging test has yielded order-of-magnitude effective

diffusion coefficients (D) for 0 2, N 2, and blowing agents and process activation

energies. Since these are influenced by the foam structural properties (i.e., cell

size, wall thickness, and fraction of solid in walls), determination of D could guide

product evaluation and development. ORNL should work with industry on a

cooperative project to obtain D values by this technique on products with

significantly different structural characteristics (i.e., thicker walls, smaller cells, and

larger fractions of solid in walls).

4. The thin-specimen accelerated-aging procedure should be applied to field tests

(e.g., RTRA panels composed of thin specimens) to see how the procedure works

and compares to laboratory aging.

5. The thin-specimen accelerated-aging procedure requires planing thick specimens

to a known and uniform thickness below 0.4 in. (10 mm). ORNL should obtain

planing equipment to produce uniform-thickness specimens and a means to

measure this. For example, NIST has a large flat table with a dial gage to

. measure specimen thickness over the board area.

6. Ali means to verify and to confirm the thin-specimen procedure should be

explored because this provides a rapid means to predict the long-term thermal

performance of foam insulations, and the present ASTM 180-d procedure is

inadequate. The current initial effort on applying modeling is one such means to

justify a description of the process using the experimentally determined derivative

of d (Qn 100 k)/d _t/L. ORNL should extend the development of this model,

the Dow model, and the MIT model in cooperation with research at MIT and the

National Research Council of Canada.

7. Interesting results obtained by applying the MITB program suggest additional

tests of current foams and new foams. For example, calculations show that the

27-year, long-term k is reduced from 0.19 to 0.16 Btu.in./h.ft2.°F (16%) if the

• initial blowing-agent pressure is increased from 0.6 to 1.4-atm pressure. ORNL

should work with industry on a cooperative project to demonstrate this dramatic

improvement in performance. To help support the experimental and modeling
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efforts, ORNL should obtain equipment to measure the gas pressure and

composition as a function of time after manufacture.
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Table Al. Advanced R-Matic Apparatus k-results on RTRA
. panels prior to installation

CFC-11, 2.782 lD/ft3

Boards 1 + 2 Board 1 Board 2

(66 d) (38 d) (69 d)

t k t k t k

30.20 0.1233 30.13 0.1237 29.17 0.1265
60.98 0.1245 60.71 O. 12.58 60.71 0.1278
75.65 0.1312 75.49 0.1317 75.50 0.1342
90.Z'_ 0.1406 90.18 0.1382 90.15 0.1412
119.84 0.1644 119.73 O. 1';'_ 119.73 0.1577

74.62 0.1322
121.66 0.1582

k = 6.957 x 10z + 6.371 x 104 t + 1.0725 t1, ±1.18%"

HCFC-12-_,, 2.778 Ib/ft 3

72 d 73 d 74 d

30.101 0.1381 30.176 0.1366 30.173 0.1356
60.884 0.1396 60.776 0.1280 60.748 0.1371
75.594 0.1461 75.515 O. 1448 75.516 0.1450
90.356 0.1541 90.758 0.1524 90.105 0.1516

" 119.892 0.1700 119.842 O. 1698 119.749 0.1668
74.656 0.1432 74.199 0.1414
121.690 0.1721

k = 7.857 x 10"z + 6.564 x 10.4 t + 1.1616 t"1,±1.56%

HCFC-141b, 2.724 Ib/ft 3

78d 80d 81 d

29.171 0.1521 30.300 0.1518 30.249 0.1463
60.985 0.1463 60.800 0.1472 60.633 0.1445
75.714 0.1536 75.383 0.1537 75.440 0.1515

90.331 0.1613 90.215 0.1622 90.208 0.1596
119.937 0.1801 119.785 0.1796 119.799 0.1764
73.813 0.1594
121.758 0.1803

k = 8.074 x 10 .2 + 6.936 x 10.4, t + 1.4529 t"l, ±1.89%

HCFC-141b, 2.724 lh/ft 3

83 d 85 d 86 d
)

30.032 0.1489 30.300 0.1453 30.200 0.1464
60.158 0.1465 60.800 0.1411 60.620 0.1409
78.474 0.1513 75.290 0.1466 74.300 0.1447

90.302 0.1575 90.171 0.1542 90.072 0.1526
119.893 0.1751 119.740 0.1723 119.817 0.1674
77.352 0.1520

121.706 0.1795

k = 7.082× 10z + 4.32.3 x 10 .4 + 1.6307 t1 ±1.5%)

aAveragc percent deviation.
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Table A2. Advanced R-Matic Apparatus results on RTRA panels
prior to installation

50/50 blend, 2.892 lb/ft 3
Boards 1 + 2

(15d)
t k

60.54 0.1356
75.51 0.1430
90.34 0.1513
119.95 O.1670

k - 0.1032 + 5.315 x 10-4 t, ±0.40%

65/35 blend, 2.778 lb/ft 3
Boards 1 + 2

(21 d)

t k

60.57 0.1356
75.42 0.1431
90.35 0.1486
120.00 0.1646

k = 0.1061 + 4.8347 x 10.4 t, ±0.40%
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Fig. Al. The temperature dependency of the thermal conductivity of boardstock
blown with CFC-11.
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Fig. A2. The temperature dependency of the thermal conductivity of boardstock
blown with HCFC-123.
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Fig. A3. The temperature dependency of the thermal conductivity of boardstock
blown with HCFC-141b (black EPDM).
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Fig. A4. The temperature dependency of the thermal conductivity of boardstock
blown with HCFC-141b (white EPDM).
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Table A3. Thermal conductivity results on RTRA panels after 430-d exposure

1. CFC-11, Boards T3B9 (1 and 2)

" Advanced R-Matic Apparatus (532 d) UTHA (529 d)

t k t k

(° F) (Btu .in./h .ft2.°F) (° F) (Btu-in./h .ft2.° F)
,,

30.37 0.1532 121.53 O.1776
37.76 0.1490 99.64 0.1654
43.05 0.1473 75.38 0.1565
49.26 0.1475
56.32 0.1494
75.76 0.1574
98.70 0.1683

120.02 0.1787

A = 0.3842

k = 9.115 x 102 + 6.342 × 10.4 t + 1.279/t

2. HCFC-123, Boards T2B7 (1 and 4)

Advanced R-Matic Apparatus (531 d) UTHA (533 d)

t k t k

(° F) (Btu.in./h.ft 2."F) (° F) (Btu .in.& .ft2.°F)

30.30 0.1555 75.34 0.1642
37.76 0.1529 99.67 0.1738
43.94 0.1527 121.45 0.1838
49.23 0.1528
56.32 0.1560
75.65 0.1636
98.80 0.1740

119.99 0.1841

A = 0.3892
........

" k = 1.081 x 101 + 5.711 x 104 t + 8.872 x 101
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Table A3. (continued)

3. HCFC-141b, Boards T1B8 (3 and 7), White EPDM °

Advanced R-Matic Apparatus (525 d) UTHA (519 d)

t k t k

(° F) (Btu .in./h -ft2.°F) (° F) (Btu .in./h .ft2.° F)

37.56 0.1649 121.02 0.1904
43.92 0.1620 99.54 0.1796
49.21 0.1614 75.26 0.1694
56.34 0.1617
75.67 0.1705
98.62 0.1831

120.01 0.1938

A = 0.3764

k = 9.734 x 10.2 + 6.851 x 104t + 1.532/t

4, HCFC-141b, Boards T1B8 (5 and 6), Black EPDM

Advanced R-Matic Apparatus (519 d) UTHA (527 d)

t k t k

(o F) (Btu .in./h .ft2.°F) (° F) (Btu .in./h .ft2.° F)

29.26 0.1679 121.01 0.1924
37.70 0.1638 99.62 0.1808

42.97 0.1618 75.30 0.1707
49.30 0.1616
56.30 0.1630
75.68 0.1714
98.61 0.1830

119.90 0.1933

A = 0.3656

k = 1.0358 x 101 + 6.532 x 104t + 1.317/t
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Table A3. (continued)

5. 50/50 Blend, Boards T1B6 (3 and 4)

Advanced R-Matic Apparatus (314 d) UTH_ (309 d)

t k t k

(° F) (Btu .in./h .ft2.° F) (° F) (Btu .in.& .ft2.° F)

30.26 0.1611 121.09 0.1832
37.67 0.1571 99.01 0.1735
43.94 0.1557 75.10 0.1634
49.26 0.1556
56.29 0.1564
75.68 0.1645
98.83 0.1759

119.89 0.1865

A = 0.3873

k = 9.910 x 10.2 + 6.267 x 10.4 t + 1.2903/t

e

6. 65/35 Blend, Boards T2B5 (1 and 2)

Advanced R-Matic Apparatus (31(I d) UTHA (314 d)

t k t k

(° F) (Btu .in./h .ft2-°F) (° F) (Btu .in.& .ft2.° F)
--,,

3(I.25 (I.1588 121.09 (1.1838
43.85 0.1547 99.98 0.1726
56.4(t 0.1566 74.98 0.165(I
75.62 0.1646

98.61 0.17(-D
119.93 0.1855

A = 0.3702

k = 1.0(N x 101 + 5.763 x 10.4 t + 1.030/t
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III



" APPENDIX B. VALUES OF THE QUANTITY t/h 2 FOR
THE TEST RESULTS GIVEN IN TABLES 14 AND 15
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Table Bl. Values of tda2 in d/mm 2 for the k-values given in Table 14
(aging at 75 °F) for the thicknesses given in Table 7

Age Age
(d) Board CFC-11 HCFC-123 HCFC-141b (d) 50/50 65/35

3 1 0.0027 0.0027 0.0027 2 0.0020 0.0022
2 0.0081 0.0085 0.0082 0.0067 0.0068
4 0.0294 0.0294 0.0300 0.0217 0.0217

17 1 0.0156 0.0152 0.0156 42.5 0.0423 0.0469
2 0.0461 0.0481 0.0466 0.1428 0.1453
4 0.1667 0.1667 0.1700 0.4612 0.4612

" 51.5 1 0.0473 0.0462 0.0473 74.5 0.0741 0.0822
2 0.1397 0.1457 0.1412 0.2503 0.2547
4 0.5048 0.5048 0.5150 0.8082 0.8082

106.5 1 0.0978 0.0955 0.0978 127 0.1264 0.1402
2 0.2889 0.3013 0.2919 0.4268 0.4343
4 1.0041 1.0441 1.0650 1.3780 1.3780

190 1 0.1745 0.1703 0.1745

2 0.5154 0.5367 0.5208
a 1.8627 1.8627 1.90(0)

290 1 0.2662 0.2600 0.2662

2 0.7865 0.8205 0.7950
4 2.8429 2.8429 0.28999
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Table B2. Values of (t/h2) vi in (d/mm2) '' for the k-values given in Table 14
(aging at 75°F) for the thicknesses given in Table 7

Age Age
(d) Board CFC-11 HCFC-123 HCFC-141b (d) 50/50 65/35

3 1 0.0519 0.0519 0.0525 2 0.0446 0.0470
2 0.0902 0.0921 0.0907 0.0820 0.0827
4 0.1715 0.1715 0.1732 0.1473 0.1473

17 1 0.1249 0.1234 0.1249 42.5 0.2056 0.2166

2 0.2147 0.2193 0.2159 0.3779 0.3812
4 0.4082 0.4083 0.4123 0.6791 0.6791

51.5 1 0.2175 0.2149 0.2175 74.5 0.2723 0.2867
2 0.3738 0.3817 0.3757 0.5003 0.5047
4 0.7105 0.7105 0.7176 0.8990 0.8990

106.5 1 0.3127 0.3090 0.3127 127 0.3555 0.3744
2 0.5375 0.5489 0.5403 0.6533 0.6590

4 10218 1.0218 1.032 1.1739 1.1739

i90 I 0.4177 0.4127 0.4177
2 0.7179 0.7332 0.7217
4 i.3648 1.3648 1.3784

290 1 0.5160 0.5099 0.5160

2 0.8869 0.9058 0.8916
4 1.6861 1.6861 1.7029
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Table B3. Values of t/h 2 in d/mm 2 for the k-values given in Table 15
(aging at 75°F) for the thicknesses given in Table 7

Age Age
(d) Board CFC-11 HCFC-123 HCFC-141b (d) 50/50 65/35

1.5 1 0.0014 0.0014 0.0015 1.5 0.0015 0.0014
2 0.0055 0.0056 0.0056 0.0050 0.0049
4 0.0198 0.0208 0.0198 0.0132 0.130

13.5 1 0.0130 0.0129 0.0131 29.5 0.0293 0.0285
2 0.0496 0.0502 0.0505 0.0989 0.0969

. 4 0.1783 0.1869 0.1783 0.2577 0.2552

43 1 0.0414 0.0412 0.0417 62.5 0.0622 0.0603
2 0.1579 0.1598 0.1608 0.2077 0.2052
4 0.5681 0.5952 0.5681 0.5460 0.5408

114.5 1 0.1104 0.1098 0.1111 118.5 0.1179 0.1143
2 0.4205 0.4257 0.4284 0.3936 0.3891
4 1.5126 1.5848 1.5127 1.0351 1.0254

185 1 0.1784 0.1773 0.1795
2 0.6795 0.6879 0.6921
4 2.4442 2.5603 2.4442
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Table B4. Values of (frh:')" in (d/mm2) '_ for the k-values given in Table 15
(aging at 150° F) for the thicknesses given in Table 7

Age Age
(d) Board CFC-11 HCFC-123 HCFC-141b (d) 50/50 65/35

1.5 1 0.0380 0.0379 0.0382 1.5 0.0386 0.0380
2 0.0742 0.0747 0.0749 0.0706 0.0702
4 0.1408 0.1441 0.1408 0.1147 0.1139

13.5 1 0.1141 0.1137 0.1145 29.5 0.1713 0.1687
2 0.2227 0.2240 0.2247 0.3130 0.3113
4 0.4223 0.4323 0.4223 0.5076 0.5052

43 1 0.2036 0.2030 0.2043 62.5 0.2494 0.2455
2 0.3974 0.3998 0.4010 0.4557 0.4530
4 0.7537 0.7715 0.7537 0.7389 (I.7354

114.5 1 0.3323 0.3313 0.3333 118.5 0.3434 0.3381
2 0.6485 0.6525 0.6545 0.6274 0.6238
4 1.2299 1.2589 1.2299 1.0174 1.0126

185 1 0.4224 0.4211 0.4237
2 0.8243 0.8294 0.8319
4 1.5634 1.6001 1.5634
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Table B5. Data excerpted from computer runs by MIT (26)

Specimen thickness: 5.08 mm

Days k (Btu-in..h.ft 2.° F)

0.78 0.1452
1.28 0.1521
2.78 0.1627

5.28 0.1709
7.78 0.1752

10.53 0.1780
14.78 0.1807

Specimen thickness: 50.8 mm

" Days k (Btu.in..h .ft2.°F)

21.0 0.1303
40.0 0.1367
83.0 0.1461

123.0 0.1515
163.0 0.1555

305.0 0.1640
505.0 0.1704
705.0 0.1742
905.0 0.1767

1105 0.1784
1305 0.1798

2605 0.1848
4905 0.1905



• APPENDIX C. FORTRAN CODE KMIX.FOR
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Equation for KMIX.

" kr_l ]

kmt_ = E a

t.1 x_ + E _ u xj
j=l

tO - _U ( 1 + 2.41 (M i - Mi) (M i - 0.142 Mj) / (M i + Mj) 2 )

@_/= ( I+(k_Ik)'/"(MjlMj)I/4)2/23/2(I+ MIIMj)'"

n = number of components

M_ = molecular weight of component i

x_ = mole fraction of component i

k i = thermal conductivity of component i (W]m K)
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Sample input and output for KMIX for a three-component mixture.

: L i'i!_ _'.i i '_ _ :..

i " i 'i).5,_., i ii

,:.,..: i :.,: :, i I;: . ,:_'., 5: ,-.i::.: ,:I:. ;,:i. '.:.::• ii.,: c:,::::i..[2 ....;2.-'2 ;:ii;......d 2 ti.?::.._:.i1 ]. :l(., :' i:i::I2 i.; ]. 1 :::i:;:.i.':l ii.I; 12 ::;:i:;::}.i!:

,. .

i : : i"i! ii

• _, _

' " _ i' !" '._,,'._ ii,_ _' i._,t_. i ii_i _ " :i.: ,LI' "
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t

__' ' lii

i:- "ii

': '*'i '*i_i_il

L!I i ' ' ""

L.;_ ',

,.

, ) ! '_ i i_;,; ,I,.,,l i., ;.1: .ii .l :, _,, . .

I':' '_'.' ..... l.!.. idJ" E_ :.;' * :' r;

. ,i ' i',. , ,

i_ ' _,, ,, i ,, i .'



APPENDIX D. FORTRAN PROGRAM TO IMPLEMENT THE
CALCULATION OF THE THERMAL CONDUC'rlVITY

" OF GAS MIXTURES USING THE LINDSAY-BROMLEY
EQUATION LB.FOR
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Lindsay-Bromley

n

k,,,. -- _ ki

X i j=l

2

= 1 + P', (Mj],/4 (1 + (1 + SJT)

(A° -i 1 _lM, ) 1+

s_ - 1.5 r_

. So =

i_j = viscosity for species i

T_ = normal boiling point for component i
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APPENDIX E. FORTRAN CODE MARIO.FOR WITH
• SAMPLE INPUT
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, ',P i:- _:!]R4 4. L.,A-

5 ,,vS. 400.. iri,.. ,_.,.V. u. v. o. 3:-)(

• .(F'E HARIO.FOR
.),:,,100 i: C:AL C,F P:I_ r]l- F'OI..YSTYREi,..IEIWITH TiME
C:,0200 IMPLICIT RE:AL ,A-H.K-7
00300 EXTER1`..IALi:
00400 I-XTEF:t"..IAi_F!:
',::3500 C0MM0I',1.,"BL.K1,"F'_4.5 :-)0 )
':.J,:)60 (: C0MM01`4,BL i<2/" M0I_t 4 ! . S ( 4 .,:::,3 i 4,, 4 ) ,,_-(iT I::' _,00 ) , L.,f- ( 4 )
00700 C0MM01"4/B[_K3,' C02.02. i,L::'.F R
..:.'0800 C0MM0N,' BLI<4 .."i- !-4,T,-,
.:)09C,C, COMMOI.4FI
-:)?.2,,:...) ,:::O2 =i
} :L3,30 02-- ,:._'
'.J140C, t42= Z
-.1'=00 FR=4•_. ,,..I

':J15 1.0 CW=O. l
(;.16,:)0 MOL( C02 ) =44.01
01700 M0L (02. ) =:_li. 999
01800 MOL(I42) =28.0i8
01900 MOL( FR l =8,_. 46':_
02000 EB=5. 6693E-10

• 02100 E=O. 9
. ,:.,-uO EC=O. 8
C!2300 KS=O. 157

':' 24 C,0 bS= 1050. tD
'-:'2 5¢):. r)G=4. "-'
02600 DEF=32. c)4

'327 C''?., F'I = ( !:iE,- [;EF , . ,"[i S-";;,5 ,

v 2800 READ ( 40. :#.) i I-I. i,!AX]. L:T. F',:C02'.. 2 ) _P ( 0,?, 2 ,
.-)290C,.... " F'( N2, ._"'_, F'( FR. "2), TA
,,,_.-.10 WRIIE(. _, .r) TH MA.x.1 DI F't'F:02 ,:),F'(02 ,:,,F'(I'..12 .].,,F',:FR,'", lA" - ,i _ n . ,, . - ,i ,i . ,I _. ,q

03000 CAI_L HEWTOI".I(X:,
':;3].00 A=SINH(X)
,:.)320 C, RS1= ;</K S

03300 RS2=(COoH""- (1.,.---COSH(;,:;)),._A,KS).
03400 AA=(A*A+i )**0.5

03500 B=EXF'(1. )-EXF'(X)
03600 N=2,rH,,CW- ].

03700 RTE= (2," E- I'..I) + ( 2:*:( 1".4-1)/EC )
<)3800 KR=B*EB* TId*TA**3.,"RTE

03900 MAXT=MAX-F*3600*24

C.:,4000 DT=DT*3600*24

04].00 IT=I

C;4.'2{,0 TI ME=..,3.¢,
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4 3 h 0 _R I TE _'5. - 3 )

'I.'4'40U .. f FORMAT, _IME l 4., t

04500 'ii IT=IT+I

.-.'4600 CALL coIqM I.:;,([T. 71 HE. F.6ASi

-4706 KG=KGAS

':,4E:O0 KG=_:I.-A-A*ALOG((B-A--AA:,/' E",-A+AA) ).,AA)/I<.U

":J,:lgOC, ,c:T=RS 1 + 1/' ,: 1/'RS2+ 1/" KG ,

_'5000 KC:= 1/ RT

.).'--,i0 ,:._, ;<1--0AM: KC+ KF,:

... 24", _=,199 TF'R=T IME.,"3600 ,"

t_E: - . ,....,..,,., IAR ITE (F, -"-' ..... ,_:,TF'F: KFFIAM

.)530'1::, ' -_ F0 R PIA] ( .l_._1._ . F8.1. i .:-:,;':., F7.5, ,

¢,54 (;,,.) 1-IME= ( [ ME..r; T

'.' ..=5'.:':: ;.F , T I iqE. L :_::.MA;,:T _ ,-;() _F,. 1.; ..
: Li ,:-,('j t-; .... - {-' I-'• _ . ,.. ', ,JF

,_,? C,) - ,UD

-" '"i]fi T ,

,..:,?._'0,) [ MF'LIC:I-l _:.:EAL : ,-,-H. i-.- .7.

" 5'?('5 COMIqON F':[

'-J59 ()._ [0 L = O. 00001

59 () -.: "-:0 = 0.01

0 59(.)8 J.,:) FXO=F, XO, F'I )

' 59 ,::i'? C)F 'x:0 =F F ,: :.':0 )

,:)5,9t I XI=XO-FXO/DFXO

'")5912 FX 1= F ,:_ 1. F'I.,

05913 :rF(ABS(FX1 ).L-F.TOI_) GO TO 20 "

05914 X0: X 1

0591_, GO -r,3 10

,:::,59 ] .t, .,) "-:R00 T= X I

,:,,S3 C:.0 k E TL!RN

364 C:,<, L:HD

.::'c,500 FIJNCTION FF(X)

'.,,:_OuO [FIF'LiC. IT REAL /A--H.K--;

".,6;:'00 A=AL.@r-_,:TANH _0.5 _ )
,),:.R,',,,.__ .... :"=AL 0n,_. _ ,'.l AklH (0 .5*X ) :_

069:::,0 C=S I I-.IH_'X ; *S I NH ( X :J-COSH ( x: ) *S I IqH( X ) -S ]:NH ( X )

? 70,:i (> FF= COSH ( X ) * ( A-- B ) -0.5, S I _ll--i( X ) ," E'rr,* C0 SH ( .,:/ 2. ) _* ;', -.'-1. ,::,

,:,71 O0 RETIJRN

,h.7 ,_.-,r,,, F.HO

,::,7300 FUNCTION F_X,F'I)

-) 7400 i MF'L i ,J i T REA I_ (i --H. I,.:--?:J

0750 .:) A= -rANH f 1.,'2..,

,.,,?6G() :-:=r ALiH ,:.X..":,7_'.)

,:..,7700 F= S [ NH ( X ), ( AL rjG { A j -- AL0 (; ( B., ] + 1- F'I

,:)70 0 C, PE T !JB.:tq

,.),-'90 ,:] END



137

.;-ii;<)0u '-:.L.IBRl.:_I..I! i i.iE _.i iilI,-IMi X, .i:_ . i :[ME ,, i:,(.:iA3
-8104 [ MPI.:[ (: :[ T i;EAI... _/:i-H.i_::-
•_-,,:u,) _:0 IIM[)1`4/:BL _{,i , F'( 4.500 )

,1

:)i-',3(.:'()" ,-:(]MM........ ql'.l/ BI l<2.,"PIOLi 4 'J, S_'........4 SS ( 4 4 , 1-".,1-I-".t500 ) , DI::_,J-_,
084 C,¢, C0 MM0i'4/ BL K3 ,.' C02,02, N2!, f R
':}85 ¢,0 C.0 I'11101"4/ BLK4 ,"T14,TA
.),_'-0o_,,_,.. DIMEI'4SION ETA(q),,AAI'q,4), fA(q'J,,k_4. ,,".'_4),
08700 :::;(C02):- I.. 5'(273.-78.4760,
' 8 ° "0 " . . '- . - ' -.......... •_-,(132)=1 5'i,::73-182 :/_.:,i:t)
c,890,r) '3( tq2/= 1 5* _ '_73 --.I.9.S ;2..',• . . ,_ . .. _L " -- "

49000 '3 ( FR) = 1.5, ( 2.73..-.- 40.7 '.!.:,)
,:Z:,9 .I.00 ()(] 20 [ - 1.4
09200 [)0 !(.., ,]=1.4
.::,:?30 ,-.) ._:.,._,c( I , j "L.=SQRT ( :!;_.I .."_........_.c.( ,..;.,,
,, ?400 ; _::, CONI I iqLIE
.,9'-00 - } (.::(]NI ].1`.4LII.:..
:}?600 FF'F'=1.. t, 132E+ 5
.:,970 ,:, F'( C02, :I.) ..-=.0. ()0,3:3i 4*F'F'F'
v,#;),", P(02 :i.)=,:) 209 = F'F'F'
09'?00 F'( 1"42,1._=0. ?"8084*F'F'F'
t 0000 F'( FR, i ) ..---(_').000*F'F'F'
t 0100 OF ( t :_=7., ,:';5#&E- 5
].020 ::, DF( 2 ) =2.0582E- 5
[0300 OF (3) =2.8423E..-6
10400 I)F(4 )=4.055F-_:_

10500 IF (IT.EQ.2)FjO TO ,:.,i
i! ,1 _ t"llO,',O0 FI=3 lql_.7

:L07C'6 O@ 70 1:-1,-!
10800 !-UM=0. ,:]
I.09'::.'0 :::3bS:'-0.0
! i 00o, EC=F I *F 1,1)F ,: I ):f.[ IItE...'TH/TH/4 ..
: i.100 SF =F I * F I * DF ,.:[ _.* r I MF-,-"2 ':'...84 5 / 2':?. 845. / ":_.
i]200 DO 65, Z=1.21.2

I. :I30.0. I F i'.CC* Z_.'_'.__'7.OT . R.,(-)........_ f; ,] T0 6.5
11400 SUM=SLIM+EXF'{ -( C*Z*Z ) ,"Z/'Z

;-,. f-,i 1500 '.:;D .:;= .:.D S+EXF', " {;F*Z*Z .I/Z/Z
I :1.600 65 CONTINUE
i 1700 SDS=SDS*8/F I/'1--:[

'I. 800 F'(I,IT)=SI)S*SDS*SUM*8*,: F'(I,2)- F'(I,I))/FI/FI+ F'(I,I)
:t1900 ::'0 CONT INUE

1.2000 ._,:t. [:ONTIHIJE
i. 210 C, T0 TF' ( I i ) : 0.0
].ii:200 T0 TF'( I T ')= TOTF'( I T ) +P( 1., I T ) + F'( 2, I T ) +F'( ::!,,i T ) +F'( 4, I 1 )
12300 DO 1.1 I=1,4
L2400 X ( l)--:f'( I, IT),"TOTF'(IT)
t 2500 .I.l C0 NTI HUE
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I,_:600 -. TA,(IO2) ....:,_::,43
i,

I..27 0 0 F:TA (i) - ::',:::.::,,.7,4
'2800 E_,Ait',12 =o. ........'. C:..,_:, s..

t :.29(-),J [i-',A _FF: = ii., i' ?";'
130,.'.)0 (,0 1_ I :- i. ,,4
i."lO0 ?,U 1 " ..:::t,. .

i L:17:00 i F _'I. EQ..i _ ,, _:,,:r, ,:,. = 1.0
1.3300 IF(.[.E(]. , '.I:,G_-'] !i l

,., . ., . . .. .

] .:;6':::'-' ", _A+-, F[ ., ,
i 70() '_-' (.tJTLI;..iE
' ._:800 _A( I :J=,. 112.02) *.AA( ]:, 802 ) 4-:,,(02 *AA ( i, 0;: )+ .,:(1"42),f,
! -99O,3 rg !:,R,':[ , ;-.!2;,_-",' I-F:):+:AA( I , FR :,
1400,9 1.3 ,:::oNr [ HUE
L4100 i, ( C02 ,== -..':..30 51.::-.5+7.6 51 E- 5, TA

..... , p,-14200 r..(02)=,: .... 7E-S+8.033E-5*TA
] 4":.,'"_n i' ( H2 a....I ::,.]2E-J-'- 7 "02E--'._*TA._ .., . . . n ._ _ , • ,i._ .

14400 K(FR j =-- 7. ;JO3E-3+6. O00E-5*TA
14500 KGAS:--I"(C02)*X (C02)/YA ( 1 )
14600 & +K(O2)*X(O2)/YA(2)
14 700 6: ._.!':(i".]2) * :i ,:Iq2 ) ,' fA ( 3 i
14800 & .-F (FR:,* :;':( FR ',/' 'T"A ( 4 )
149 (-,0 RETI.JRi-,j
].5(:'00 i--i"]i)
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t_ ¢-(- •

"".... " '-' "- . " .) E),,._...,,,,,,.: .... _,r,:I TTF-i'.-IB"t : _.:_.u :5! R(i (5(:.iiRSk 't . : i. , , . _:-ElE_:. L........
,',.,4'ljO , MODIFiE[_ i-)T: :. bREH M., i'1.[° ,,,. _-,di%. L ;87
, v 500 ,. _'I0 I) I F I ED i:-:t -" L. 6 I...I CI<SMAl...ii'i. [. i . i._[:-[: [-I'I_.):ER L:<:,. .i _'89
.,,,A,O,., ,. HODIFZ[iTD i-.:t" )Z).W. tAR.I:;ROU6H ,.,F;,HL. ;.Jl'.il:i: i'..-":;'0
,::,070¢, ]HIS IS THE AGE F'R'IiGRAM.
........ - • i" ", ;,1__,."._0 _._,..._E !,:0 MF'U1 E ]; YHE i " .0 T I i"IE C._AI'Jl.,E (.._F r I.ii!-1L,_-.,'.:i;

,,0900 .. C(_MF'FISITION AND GAS F:Of.-IDLJ(:-I'-I qlT]IY.. i _,..I..-,_"i E OF
,.'I000 _..:AI'.I INFINITE r-:LOSED EI.ZLL F-OAM SLAB. _:-_I..IDI:',[_D'.3
.)1100 _: IT i0 THE I:)Ob.IDU[::TI',JITt OF SOI_.IL, AIqD C(Ii,.IDLICTAi'..I(:E
01200 , DI.JE ILl RADIAiI(-IIq FO l: l;:Olil..CE A ;-'L(]T _:iF FFFECIIVIi[
')1300 '.. FOAM rl:ONDLICTANCE r:_S A F!!I,.ICIIC)I,.I OF TIME.
,.)1400 "
,.)1500

,J16 ()0 C0 MM01``1,"B[_KI./ F'F'{ 4,5,51 )., F'T [iiT ( 5I ). i T,' 5., 51 :,
,) 17 ,::'(i C0 MM0I...I.,"f; I_K2/ 0F ( 4.51 I ._i: I--0 ( 4 _, ii { "
'-,:I.800 F:OMMOI'`1/BLK3..' bASI< , 51 ) ,,WMITL.,:4 , oS, a ,,.::.:_i,,:4..l :,
,:,L900 COMM(]I'..I/BI_I<4 ," I'.JZ,DI;'.'..Hl-. [:'T
_:'2(,(,': " OMMON.,'I-,i..i<:=,.," 02.02.. N. _.,'
., 210,..)

'.,2:2,:)0 REA[_ F'ATM_a _,, l 1-41Ck.{,MAXT I iv!,,Dl I. F:'I) I FF. F'RAT I 0
023()0 REAL_ kSOL..,KRAD, ]-(()AVG°,"...GS!..tM,1,(FOAM,KNODE, FIME
02400 REAL.. :-_FLLIX,,RV° RVT ,,TF'P[ i,..ll
')2500 [ I'-.ITEGER [., i Z. N]:1`..I,,I'-..10LI
02600

0270n WR ITE_",""-_00'- _. _ Lkx .

02800 '70':] FORMAT{2X, " II,.IITIALIZII.IG " i
02900

,:

,_J,000
031,3,:) C SE.I UF' II-.4F'I_ITAND CILIF'!..IT FILES
,'ii.S200 i- WRI TE,:5.,35 _]J0 i
']1,300 ]500 FORMAT(2X. "ENTER 1 fl-i .'.'.],UF'RE::":SSF'AF,.'flA/_ f:'REE;SIJRE (JLITF'Uf ,
,5400_ ;- READ( _._,, * i PFt..AFi._
:,35,:.),.) F'FLAG= 1
'.::,-]c,0 ':;, '. S : i"_g rjL i C _4RRAt' :[ i_D:[rgES
0370,:) C02= ]
,',3,S00 Fi':"...... .. ,,I_ '- _.

",::,39,..":,0 t-.12= 3
04000 FR=4

,.]41O0
64200 L.MOLECULAr<; WEIGHTS:

04300 WMOL lC021 =q.4.0
04400 WMOL(02)=32.0

04500 WMOI_( 1",121=28.0
,)4600 WMOL(FR)=137.4
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o 470 o

04800 L: L:OI',ISIANTSFOR KG FIIXTLIRF;

.. _ " -" .78 4 .i'-'j4 (9 (_) _) R ( C02 ) = 1.5, ( <-, 3. - . 76 _

,)5000 S(02 :I:=l.5*(273.-182. 962)

05100 S(N2)=I. 5,(273. -1 95.8_
,:)520,.:.) S ( FR ) =1.5, ( 2 ...-"3.+ 10. )

0530<;, DO 20 I=1,4
,) 5400 O0 10 ,.1-.,i,4

'7550 ¢, S S ( i ,.,J :,=SQRT ( S ( I :L:i::'.-.;( J ;__
05600 i.0 CONTI i-4UE

n_:,70,, 7:() r-iHT l_HUE
,-.,{.?,.........,

,,,.4,),:,. 9.Ehi)THE iii_F'U-I ;;-iiL.2

J,:-,q,0,:) i.,Jp I r L:_(5.620 (:,

,.,6i.O,..J .:,2(';,;l:ORMA fi2X, I.,,-.IF'I.IT FiL.E 1`Ii.iMBEf;.:',

,,,5200 REA[)_ '5.*) I.-JI1`._
,)63C,(;., NOU = !'-.111`4_ t,.;;,

,",.:'-:,4 ()(. WR [ '{E i 5. ,:,204 ', i"-.ilJU
.2,650<, ,::,204 FORFIAT(2.X,'OLITF'HIFIL..E,ii5

0 d _,,:.,0 !-:.'.ELAO( N:[I,t, * i THI CK.
0,*,;"'..)0 1 MAXT I M. 1F'RI NI.
,:,,f-,i-;,:;...... 1 , 'E0 (C02 ) . E <C02 . t:'f' C0 2.1. -., .
,1:,,-':.?00 1 F:'E0 ( 02 ), Et'02..:), t::'F' ( 02,1,2! ),
,:.,7000 L F'F0( N2). iT(1".12),F'F:'( Iq2, :[, :-C),
,::.710,_:, t ft'E0 ( FR ) , E:( FR 'J, i::'F'( FR, 1 , 2 ) , ,.
,:)720,.} t t.::.:,.._nt_° i<RAI)
,2:,;.,'300 _ THICKNESS ,;(;::VI), HLIMP,E;R(JF 1`.JODES=HUMI-',ER Eli: [)IV'S +1
().740 (;, '- MA:x'.[i.II.M i-1:.ME :C:,AT{.::, 7I ME :[ t41-EF.:VAt... t i:__ '_'S II. " F'RI Iqr f ]:ME :[I',11[ E
r,.:VAL
'.".';;'50 ,.) i:'F': I:-'F_RTI AL. F'RESSURE , F'ASCAI....':;) ,
" :",r:........, I-'F'(C:)MF'ONEI'.IT.I i ME :[NDEX. :2F'ACI-: I t..IDEX
,51.':._00 ,:. iT: ;EMF' _P,:) fT(TIME IIqDEX..;I::'ACE :t:NI)E"X'I
,::,780(:, _: i-c;OL_..,.,,'-"'AD:.... !:,OLID ANl) F;:ADIAT:[OIq I< (W..,'M C)
,; 7_,?,,_:, ! ]. i I i.]Oh..IT11`II_lE:
,.:{7700 ,.., WRI r ii:( 5, ,:-,,.io;' _
,i>8.1.00 ,'::,207 F-ORMATf2X, HOW MAI"4f NOr)ES ? MAX : 51')
08200 _..: lREAD( 5,, i I.i;:{:
0821 '., NZ= 1:I.
u- ° 3,::.,0,., ,_ WRITE(. _,..,,',i- 10 :,
0840,;) .!:,21g FORMAI(2X,' ]:NF'UT Til'lE STEF', I_:AYS')
0850c.:, L: READ( 5,,, ) i)TI
9851. 'D D1 I = 5.0
':)!:_"4,00 I_RI TE ( 5, .ii70 ? ',
08700 ,..:707 FORMAT( ;:X, ']: 1.4F'L.ITBrjUNI)F_Rg IEMF'S' ,_
,",oR,'),", F<EAD(<i _.) TT, 1 i .: (r, 1 HZ )
,;,,E:?,:.:"., fT( 1.1 ) = ;1'?8,, 0
,:::,'7'()u,::., r T ,' 1 ,,NZ ) ':: '.:'8. ,.)
,",'-;':1.0,.;, _. COt,,IVERT ]:I.,IF'UI bATA ]0 t..ISEABLE FORM
0 ?20,..;, I F ( 1"4Z. GT. 51 ) IqZ= 51
,:.,9300 DZ =1H:[CK/ ( 1`.7Z --]. )
094 C,() NT=MAXr I M/ D1I
0950() DTI=3600.*24.*I) TI

0'.96,.,0 MAXI l M=:"i&()(), *24 : * MAx"TI !'!
,b970,: TF'RI t41=TF'RI NT* 3600. * 24.,
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09800
09900 _: SET IIqTIAL FOAM TO STANDARD 1EMF'

" :1.<)00(,, DO 5:[ IZ-=2.NZ-].
10100 TT( 1., IZ)=:298
I.020() 51 CONT INUF
10300

10400 C CALCULATE IMPOSED IEMF'ERATURE F'ROFILE

L0500 IT (2,1)=TT( 1,1 )
10600 DO 50 IZ=,?.NZ-i

10700 TT(?, IZ)=TT ( 1, i )+( IZ-1 )*(TT ( 1 ,F.IZ)-TT( 1,1 )),' (NZ-l )
[ 0800 :,0 CONT:1:NUE
!.090() IT ( 2, I'.IZ)=TT ( 1, I,..IZ)
1 I 0 C)()

._.t , r'.r'. . _,::: .....,-, J.:k'"'I' T.i_:l I F'_'IfF:T I ,.._L. flIF.Eo.::LIFiE-:{ _ r i .... lDi:'[. ; r_r:. F:t:lr:,i'i
' i 20 O FF'P:=1. C,1 : £ E+ 5

:I.3,..:,u F'Ai H ( C02 ) =. 0(;,03 i 4
.._4()() f' ;::_TM(02 ) : ,,209 '.-,

i i 500 i.:'ATM(1.42)=. 78084
, I.,5<.:,,.., " Al I'1( F R )=0. ,.)
I :7C,c, [.)0 25 ]::1,4
• i i::,00 !:'F',: I ,,1 , 1 ) :-F'ATI:1( i , ._:F'PF:
i 9,::.,u F'F'( I ,,1., NZ) =F'ATM,' 1 ).I::F'F'F'

L2000 "!:, i,:0Iqr I I-...iu I.--::
:.21 (2,0

,z:--.',?O SET INITIAl_ F'ARTIAL F'F,,ES::;LIRES]:iqSII)E i{.IE FOAM
;.2--:00 [)0 40 17 :=.-:.NZ-- l
124C:,0 I)0 30 I:1,4
L25 c)0 F'F'( I, .1.,,:[Z ) =F'F',: :[, i ,,'"
J::600 ,0 CONTI I'.ILIE

11 _: I" :I_ 1:) (71 '_ ':I) 'I:I0 NT :[i-,IUE
1.78 00

; :: ?0() " WR.[1E :[NI T I AL t--iEAI)ER i 0 (:){..!]"F:'ii F:1:i...E
', .;C)()C" WRI T E ( I..10t..I.:[1800 '.

!.......LC:,:.) .. '..8,:.:,,:} ;ORMAI( 2::<. ";HI:[::<HE.':..!,':.:i:i,:H).l.ii..iiq[.',ER I.)F LJ.(.iOE.S.i:_(]H]:L::I<.,_<i"l) L
.;2,J,:) ',.JRI TE ( I'-.10U, * )T HI CI<. 1-42,I}:.:.

J_',3O0 WRITE (NOU, 12'0C_0)

I..;40 ¢, 2000 Fr0RMAT ( 2X, "MAX '1I I"IE ,. ()AYI-; i , [: ( T 1ItE:) ,:bAYS) )
i 350 () OMAX=MAX'f i M/3600.0 .,-2'.1. (-)
L3600 ODTI =OTI/3600..,"',"_,I.
13700 WRITE(NOU,*) OMAX,ODTI

:!.380,',., WRI TE ( I,10LI,,;i 220,3 ;_

1.-;900 [2200 FORMAIC2X,'F' EO E INIT F'ART. PRESS. ')
1400() DO 41 I=1.4

14100 WRITE (NOU,,)F'EO ( I ) ,,E (:1:) ,,F'F'( I, 1,2)
1.,120,..':.) :-:.11. CONTINUE

" 1430C:, C DO 42 IZ:I,NZ

] ,:_4,:::,,:2:,'.... WRITE(NOLI,*) TT(2, i:;:)
_4500 42 £:ONTI 1'4LIE
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t.,1,..,c,(._ I.dF<I TE ( NCilj,,i 2 '?c:l()}
11

:I.,47',)0 }/?C,O i:=f]Rl'IAl ( 2'X, ' SOLID C{)NDL[; [ .[ (2)N I', - Ft:AI}IAfION _t'J.;I'I .k:) ' ::
: ,7800 WF<lTE(NOU, 14600 _KSOL, I:.:RAD

.I " " i:." 4,1.,-_90,:::, 14e,,:)0 pr0 RMA7 ( ","X, E12.4, .:,}.., E12.4,, .."
15000 WRITE(I'.IOU, 14&02)
1.5100 14602 F'ORMAI"( 2X, 'DAYS I<--GAS K-FOAM I<:( BTU- i N) T/"H_2 T:$_
15200 &.5/H LN (IOOKI ' ,.,/l

r"i ":,. _;/') .....l.,_v_, r: SET I..OOF' VARIABLES TO BEGIN Til'lE ITERATIONS
15400 DT=DTI

15500 IT=.O

15600 TIME=O

15700 WRITE (5,13600)

1580(I 13600 FORMAT(2:,{, '.-;TARTII',IG TII'IE ITERATIONS ' ;_
15900

16000 C: LIF'DAIE LOOP VARIAP.LES FOR THIS Til'lE TI.iROLiGH
16100 t000 CONTINLIE

io200 IT=I T+I

].6300 IF(iT ,,LT. 4) GOTO 1006
16400 IT = lT - i

16500 DO 1005 NIT=IT-I.IT

16600 DO 1005 NCINZ=I,NZ

16700 : DO I(i05 I=1.4

16800 . PP(I,NIT,NONZ) ::PF'(I,NIT+I,NONZ)
16900 :LO05 CONTINUE

" -- i" I:1) (I: _ ' ' " 1ii:[ ltE i:N :i.i:{:E:',-Ji"4[J',E;
i 7200 !:F ( i' :1:1"1E. (iiT. I:1,:'_XT I FI't CiEll Ci " O':::,O
1./30 ()
i..:.:"'400
!.::50,:) SEI THE B.C. 'L:

:,._,ci,3 • F,REc," -,-....... o :>I_ll,.l::
1;"700 [}O ,5'5 i=1.4
i :'80(, F'F'( I, 2[T', 1 , i. i :: i-'F'*'I, i .....
i ."o,:'jC,.... F'F'( I ,, .i:T..t.! , r...iZ) :FF' ;. I , I , 1 '_.
I,_3000 55 E:[7t',1T:[i.,IUE
1.S1,)O C TEII F'ERATL.IRE :
i. S20t -I"r ( I r + 1. _) .=7'T ( t , I
1.o_,.:,C) 'FT ,' :[T+ 1 t".-12:1= i"T ( ]. i'..iz:',
L{3400

Jt-;5,)O _2 COMF:'I...i-IEF'F,:ESr_-::_IF;:EL::i--IAI'.IC,Fi: :::,LIE TC, IF-:iMF'ERATLIRE(2 IAI...IGE
:7!;,{.,O,{.:, r)O .::",'",t Z:::2, t.1:::-.

1._70,.'_) I.)O _,C, .[= 1.. 4

J.,9_',80 (:, ,' F'( ]:, " T, .l.£ :=I::'F'_:i ,,1:l, 1Z ) :_,:i T ,: I T _-i, i Z .,"TT ( I 1, 1" )
.!.;:.-;(;'O,:, ..:_O i::::(3I',1T:[ I-..iU[:2
• ;>,:),:iO ',::) i:::OIqT[ NLIE
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, 'i;'1.'J,::'
]{;:'r) n C CfiMF'llIETHE FRESSURE ,-"*, ....F I)............ _lHl_ll._.... _.::,UE TO ]:FFIIS[ON
' °300 CAI..L F'PRES ( I i" '• i. i . ,

1:;'400
19500 i:: COMPUTE IHE CONDUCTiVIIY (::iF:]HE GAS MIXTURE
:[9600 CALL KMIX(IT)
19700 KGSUM=0.0

t 9800 DO 80 IZ=,?, NZ-:t.
19900 KGSUM=KGSUII+GASK(IZ)
20000 80 CONTINUE

,201O0 KGAVG=KGSUM/( NZ-2 )
20,. Or. KFOAM=I,"SOL+ KRAD+KGAVr_
203 0 0

20400 C COMPUTE THE FOAM RESISTANCE. HEAT FLUX, AND NEW TEMP PROFILE
;."0500 RV=O. 0
:.:060C, DO 90 IZ:2,NZ--1
20700 RV=RV+DZ/GASK( IZ )
20800 90 CONTINUE

20900 RVT:-:1..,"( 1 .,'RV-,'-,' KSOL+ KRAD! ,"THI CK)
"1000 QFLUX=(TT(IT+I ,NZ)-TT(IT+I, 1 ) )/RVT
21100 DO I00 IZ=2,NZ-I

21200 KNODE= (GASK( IZ-I )+GASK (IZ) )/2. +(KSOL.+KRAD)/NZ

21300 T[( IT+2, IZ) =iT( IT+I, IZ-I )+QFLUX*DZ/KNODE
21400 i00 CONTIiqUE

21500
21600 C PTIME = F'TIME + I)T

• 21700 C IFfF'TII.IE .i_r. TF'RINT .AND. TIME .GT. Df) GOTO 111
21800 C F'TIME = 0

21900 IF ( TIME .... DT .EQ. 0 ) GOTO 3333

22000 IF (AINT(TII'IE/]F'RINT) .EQ. AINT ((flME-I)T)/]F'RINI):_ GOTO 111
22100 C IF (TIME .LE. DT) PTIME=DTI

/22200 OT IM=T IME/3600./24.

•,300 OK=KFOAM/' 1.7307,12

22400 3333 WRITE(5. IO01)OTIM,OK ..
22500 1001 FORMAT('+'.'TIME (DAYS)= ,F8.1, K (BTU-IN UNITS)= ,F10.4_
22600 C WRITE LOOP RESULTS TO OUTPUT FILE

227,30 IF ( F'FLAG .EQ. i .OR. ILOOP .lqE. 0 I GO TO 3334
,:2800 ILO'OF'= 1

_.._"900 ,_1;_ITE (t..10U. 21000

23000 i.00 o i: (!RPIA i i 2 :.,.:,T I ME ( I.:,Ai S0 (:)AS_.W, MI<! F ,::iAM,:W.,.MI-.:,
•-] .1.00 ' F0AM BTU :[N) _.'
,:.:-:;200 ,_ OAS I< ( W/MK)
-330C, L FF2 F TIME/THCK2'J
23400 '[ YI ME/ THCK2 ( DAYS.,"CM2 )
....' " S00 .. :.:34 J:] NT I I-'4LE.(. ,.,.i .

,1
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_.i..:,_i,(.,0 l:)T I M= T I MF / 3600/24.0
•.:37 (i:,5 titKF0 AM:-I',F0 AM,"1.7" 07 $ t 2 •

.L'L!igO(i, ,:T I ME=_IOT I M**. 5 )/IHI [. K
.....3 0,._ gL.OG= (at_(3G ( 100*0 I<FOAM!
.' 4,:)(),.:, OTTH= t I ME.,'3600.," 2q/TH I CK**2
24100 WRI T E( NOU, 300 t ! 0T I M, Ki3AVG, KF0AM, (] KI-0AM. [lt ; TH. IX[ I IgE. rx'L0O
.::4'2.-,0 ,,.,01 ;-ORMAT (7G l O. 4 J
-,_,.3(),: IF (F'FI..AG .FQ. I, OOTO .L.[1
...4400 WRITE (NOU, 2180C')
'-15,:,0 1800 F-C)RMAT,:2X, '7 , [-:) F'(C02) ,F'ASCAI_S Fr',0_-") ;_ N2) PfR-li )

24000 t K (W/M C)' :_
....4700 DO II0 IZ=I.NZ

•4800 ;_TT=?i"iIT_I, [Z',-27
, 4900 WRI TE t NOU, 300,? i L)T1, t::F:_(:(]2, i T, I Z , if:' , f.);-', I . i Z ),
:_50 ()¢, [ !::'F'( H.L:..[ - _u " "., F'F' ,'FF,..L i . [ Z ,., _.3A'SK ( I Z ",
: 510 _., .v,.}'.... ,)Ri"lA7 , .LX, c.510. " i
L520,:" i _, ;"ONT[ t.ti_..iE
,:5300 i.1 ;::ON] I i.4tlE:
"- '.-,40 (,,
-5500 _ EUA[_UAIIE LOOF' VARIABLES FOR EXIT CONI)ITION
?.5600 IF(DT.GT.8.6E+6)GOTO 200

2570(:) F'I)I FF=ABS ( F'F'( tq2_I T+1, NZ/2. ) ....F'F'( N2, I T, HZ/2 ) )
25800 .[F:" F'DI FF. 1"4E• 0 ) F'RATI O=F'F'(N2, :[T • NZ/2 'l ,"F'O:[Ft-"
25900 IF" F'DIFF.EQ.O)F'RATIO=9
'L'o000 [F(F'RAT:[O .LT. '4:, F'RA'i"IO=O

ii

;'6100 F'RAIlO = 0

2:',2,3.0 , F'RATI0 :" 4
-'6300 iil= _'.1.._F'F<ATI O) *I)T i
2640,:, ..00 [ F ( D r. o r. 8.64 E+6 )DT=!3. (:,4E+6
2,.'_5,::,,F) I F ( I l. LT. 200 )G0 T0 2002
<.:,.,6 ,:::,,::, 0 TI M= i 1I'1I!.:/3 ,:_00/24,0
,.:ii.,;00 WR I l E f 5, " 001 'J 0 TI M
::_.3:30(; :001 FORMA/(2X,'MFMORY Irl.ll_L. ,FlO.2. DAYS''.'
L.,.-.':,9_:_0 GOTO 2000
2.700,5 :::00.2 CONTI HUE
27100 GO TO 1000
,_/ ,:00 :.::000 COt,JTI 1".4UE
27300
27400 C. MARK END OF OUTF'IJT FILE
27'50(:_
2760,D (: END OF MAIN PROGRAM
,27700 MAXTIM=MAXTIM/3600/2,1

27800 TF'RINT=TF'RINT/3600/.?4

27900 WRITI-('-,'_6804i• .. _. qL-

28000 26804 FORMAr(2X,'INPUT 1 FOR MORE CAL.C')
28100 READ(5,*) NFLAG

28200 IF ,"NFLAG .E:Q. 1 :,GO TO 1111.
" " STOP,.8o00

28400 END

28500

28600
-2870C, ; CCCCCCCCC0CCCCCCC[:CCCCCCCCCClr:::CC[ CCCE.CCC0CCCCCCCCCCCCC[::CCC[:CCCCCCCCCL:CCC
'.., ,.w tw L.,_, _._
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+'r" - -
, .t i1

" ...... _ JI'_fi_,tli .Hil F r.,;_ _ +. , . _ ., +

;I.,T,,

-:;21C,!-_ ll.i[q UI:RuLI(ItJi__YHI-'tliii li.!i-:_._!IAP..h,E+_'Fi,A'?:,f_._h.T],.:,LF:"F-i,-;II..iF:F
• -'C,v '.'J[TH"[lIE

•'4 C:,_)

; .;'.":":;' +;.ERI. 5 [ _, L:t 9 ! _,,_ .. ': .', ,
-.-.'00

. ' _.i,'_,_.., i I91'lM[lk.j,"_--_l.K.t +I_',' ,1 _, _:,i [ TF'tT_Si J ' T , _-, _i....... •t ,_ _ -. • n ,3

• ;'9,.JO '"C_MMOH.."L:LK2., ',i-,' 4, $i ;, ,.I ;_0,4 i . i-. 4,
- DO00 COMMON/BL K4 ." .IZ, DZ,HT. Di
;,.3.100 -:-)MMON,E-:!..I.':,' C;12,(3-'.ii;._,Ffi
'.;'20_

'"1'S'-I,() SET - -'_ ............. L.I,I.-',TAi'..lI i"IATRT..X F:FIEFFT.C11LHTF,

',040(J Di1 1._ J+_L,I.L_.
050,. St [Z}=t
:0600 C ,' I,.._: !
Y0 7':._."D . 5 '_.:LI1"41I f.iLIE
;:080 (,

.:D900 C COr.IF'I.I1E i>IFFU'3IOH FCIEFFIE.I,gi.4,;:;!i.,:,b F:itt.4C-[T.OI'.i ,[:iF I[;;MF'ERRTt.IRE
"1000 ;30 :;/;0 [ Z=_2.t.JZ--[
.'ii00 i)0 ;.0 I=I,4

.-i1200 I)F _'I, I Z i =F'E0 ( I, * EXF;',' - L ,' I J,"I T ;' [ i +1, I Z.)., _:l T 11T+-t , i ;_'.,,,'_."9S..
" 1 30'C: "0 C:OlqfI I'.4LII-

" 'tqO0 .?,S, " ONTI 1.41iE
31 500

L.'.Io.UO '. F.'OMF'I.Ii'E THE F[-,:ESSLIRE CHANGES
-'t7,',¢ O0 ':,,., 1 :],.:._
.,180 t, AF'( ;..' = [:,Z* [:Z/ i [" T* [:,F ( :[, 2 ) *. 5 ,
:;1900 A( "/') = - t ,... +F+F'( 2 ) i

'2000 HF'if...iZ-.I..,=-bZ:$:DZ,"tI)T*I.:,F_1.NZ--I.'.+:._,
"" ].00 A (NZ-"L., .... ,' ". +AI:' J"NZ-I. _)
" - 20,3 ()CL ) .....,::. * F'F't' I, I T, 1 ._+F't:.'F];. i ] . 2 :_,f,( ,.:...-AF'YL ._ ---FF' i. :[7. ....,
; T;1:0", ])( 1"4_.7-- ] ,.... t:'f' ,i [ . _r.i-. i.17..--t.::,* I:i ', [ , _",. iLil. i. ) +,, (. -_,I-.',t t ::- i , ,
;;40t; i ',-L. *F't'( [ , LT. ;4Z.,
: ."J5(,,i:, [.,n :;0 ;[Z= I-JZ--2
' - 6 0:3 AF'( [ Z ) :=DZ* DZ.,"( bl * DF t' I. I Z, *. :",.,

32700 A(;[Z) =-,; C. +AF'(IZ) )

'2BO,D Qf IZ) =--F'F'( I, If, IZ-1 .,-+F'F'(I, I T, IZ )*(?.-AF'( IZ )
;2900 t -F'F' t'I, ZT, IZ+l )
33000 "'.., C:01"4T114LIEl

,]SIO0 CAL.L LUDE(A,t--:,C,L,D.LI,I'.JZ)
-:3200 CALL FBAC:I<( L, D, U, Q, x, NZ)

• 35300 DO 40 IZ=2,1"4Z--i
33400 F'F'([, IT+]..IZ)=X(IZ)
.33500 40 CONTINUE
33600 ::,0 CONTINUE
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_:370 o

:.;3800 !: L-'OMF'UTE -[tie IDT_L PRESSURE

L;390(. _ D0 .7;.) I Z = :1.,I',IZ

340C_O F'TOf t"I2) =0. O

3410'b !3i) ,:,O I=t.,4

342?00 PIO] ( I Z ) =:F:"l0 T t ]: Z )l F'F'_:[. [ i t- l ,,I 2.

.34S00 o0 CONI" II',JUI:-

',4400 ,.", til}Ml [ HUE

; 4 50 O

" 460 C, _:,.:ETLiR1"4

34700 END

: ;.F,¢,

", I <.,,.:)

• ",200 '.!i.UBR[:liI1 T!.JE r.. ',[.,,, i [- ,
- ,: -.:,-,,-:,

.'::,,;00 , IHE SU}.:I:;:AUTII,._i: L:-)HI-.'I..iIE ,iE t. iqi-J[)LII:..FT.V]-i"T ti[ iiIl:_.- i:,,_7-:,iq.[",:Ti.i[;E-

:,'f,50':_ '.: It'.ISIDE T;-ll.:: C.i._FI!:;-EDF,:);:,H _l_i._t._S A::::, ,_ i:{It'i::FI:TIH i..,l :1,Ai5 . {:)lrlF'l.l!i,:[T[l]l'..i
:,::,,':.,O_' '. AI [:ACH i'4t_DE:.

" SE-',C:,'.) RERL. EL"FA i 4 :' _,_A _4 ' , ': __I, 51 ) _I'' t 'I , _:';_ " 4, 4 )

::',_!,uO0
ii

. ,-. :,C,,) ,.::0 r,lPIo Iq/BI. L4 ,,' , ;. I..,::., .i f., i) i

',., 9<:,,., .', { [, i. :: , =P F' ,' [, .Lf * ! , .[Z ) .. F r (:lI { ,: j
" :'oc,,:, .1.0 F:{]lq1 I i.JLIE

- "1 C.,':-.' [ 5 i: !Jl'JT7[I".JlJlr
,: 200

':",30,? !7 PIIXIIJRE f/:ONDULT[VIf"¢ ,:,;:,SK(IT._:

: :",1,h(_ _0 4 0 I Z -=t. I-JZ

.;7'5,(),0 ETAi 1:02 )=, 14.9.584-, 1 T( IT,, IL) 300. ,,.'. ".... -" - 50. * 2. ,::47 ), 1. E--o

",.:,,_c_ E rg_( [)2 ._:, ,_,.,. _,..i:+ ,. i T ,:I r. I ;c j --.500. , !30. _:/:. S.: ) * I . I_--,:,

-:.';),h ETA, 1"4_:7 :::, 1 ,'.'!.'.<li., i i ,' [l, [7 :,--7.C_0. . :[0,..'). *'l., 14 ).i,:l. t::-

" .... {,C:i ",., i : ,.i

- 1C'"' i.[: 1:. ;:1!::'. ,.i , _:_,-:,I r .. _....7). ,,

,_ . -

':,_.'.' '-_ ,-iA I ,, i ._:::. ,. L,.71'_ t. , ; <:,_iRT'!' _::f k .[., i:!:i _, t ..i .;._.
:{7,40 ,:i I. ( WH t]:iI_ C ,.J .i i _ H (] i_ t [ J .i-.g , ' ':, 4i.

' E750,:) 1 , f 7 _'.l.T, ] Z ) + S _I ) ) ," ( T T ( i i", ]:2 s+ :>{ J )., ) j _ ;¢7:. :.i:
" °,."_00.,,.. 1 ,' r T ,' I T, :r ,_.....i t-<-"c:.,.. t' [ , J ,_l./ ( [] ( I P , 1 <::, t q _'7[) j
',.:37O0 "0 CONI i l4UE
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;8800 fA(Ii:=X(CO2,l/_)*f:_ .,..,02)+,,_/02,iZ)*AA(I,02)

-_.8900 1 +X(N2, IZ)*AA( I,N,?)+×(FR, IZ)*AA( I,FR'_
, .'9000 gO CONTINUE

3_I0_, K(C02_= C,165-?'" ' '.... ,_*_TT(IT, IZ)-300. )/50.*.003898

3?200 K(02) =.02676. (TT( IT, IZ)-300. )/50.*.00394

-9300 K(N2)=.02620+( TT (IT, IZ)-300. )/100•*. 00715
- . _'- -- • . • -- _"-, _-,,.zo_(,,.) K(FRI=8. S,22E--3*(9 426E-3-8 3022E 3)/Zx .... m(TT(ii-,IZ)-310.9,.;)

09500 GASK(IZ)=K(CO2),X_C02, IZ)/(X(C02, IZI+YA(1 ) )
:.:,: .... 1 +k(O2_*:Xr02 IZ)/(X(O2.IZ?+YA(2))
1.9-'00 I +K(N2)*X(N2. iZ),:'(X(N2,IZ)+'fA(3) )

$7800 1 +K(FR)*X(FR.IZ)/(X(FR,IZ)+YA(4))
,:?900 40 CONTINUE

:,, 00

4oi0(; . wRIIE( 5._:,bAbk(l ,

_,_x ,;,-, 4.ETUEN
-;u 40 _., t:_ND
.s,.2,5"2',"
?, ;/, _ , ,.-_

-,(.,._0O ....CCCCCCCCCCCCCE:CCCCCCCCCCCCciz.c{;CCCE.CCCCCCECCCCCL:CCi-:-.CCC[:C [ CCCCCC[IC.CCCCCE.
_2CCU,_.L._
40800 (

40900 SUBROUTINE LUDE (A.B. C,L.ii,.LI.N)
4 i 0 00

41100 i:: THIS ROUTINE DECOMF'O2,ES._ ]_'TDIAGOIqAL iqATRIX FABC] ].NTO LOWER _:_Ni)i.IF'F'E
_..

41200 _- DIAGONAL MATRICES [L] _,i.@ [!)LI].
41300

. 41406 REAL A ( N ) ,t I.I.B,! N i . 1.[ ( p.j ] . L t _..1 , ._.' ,. N , . LJ I N .I

_i __-, rNTEGER IF
4.i ,500

4 i 70,) D(2)=A," 2)
4 i 8':}C, U_2 ; =C ( 2 )

41900 DO i0 i=3.H-I
42000 L(I._=Bt'I t.,'D(I-I
a2100 D( I )=A ( I ) -L ( I ) .,L.!i I--]
42200 U( I)=C (I

42300 ] 0 CONTI NLIE
42400
42 =.,o0. RETURN
42600 END
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4Z700

a 2800
aL'90C, _..:L.:[CCCCCCCCCCCCCCCC[:CCCC["CE:CC(-:CCCCCCCCCCCCCCCCCr"CCCCCCCCCCCCC["CCC:CCCrCCC
CCCCCCC
4 -i 000 ,

431 C,':::, SUBR0 LIl I NE FBACI<i L, D, U. ii:!, X, N )
,:_32 ¢'(" :;
43300 ' THiS ROUTINE PERFORMS t::C_RWRO.;'"_.;ACI"WARI)SOL'."E01"- MAiR]:X SfSTEM
4:3400 {3 [L]EU]EX]=[Q].
a3500 i
4360,.:, REAL L ( N ) ,,I) ( N ) ,,Li kl) ,,Qt{N ,, .:,4(kl )
4370C) INTEGER I
a38,.}0
43900 X(2) =Q(2)

44000 O0 LO I=3,N-I

44100 X(1)=Q(1)-L(I *X(l-:i.;_

44200 i.0 COF,ITi !'.IUE
4a300 ,.::(N- 1)=X (N- i)/D (i'4-1i

44400 DO 20 I=N-2,2.--1
4,1_:,0 ,i: X ( I ) = ( X{ I ) - 1t ( i _* Xi I -_-]. _ ......i:)( I )
.44 ,",(, ,2, ._ {, L}L}H r i i.ll.JE

4<770 ,.'
a48 } 'J RETLtRN
449,::'-' EIq[.,
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